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ABSTRACT

TG experiments on the hydrogen reduction of «-Fe,Q,; were carried out to
elucidate the influence of the preparation history of the oxide on its reactivity.
«-Fe, 05 samples were prepared by the thermal decomposition of seven iron salts ina
stream of oxygen, air or nitrogen at temperatures of 500-1200°C for 1 h. Thirteen
metal ions such as Cu?*, Ni2*, etc. were used as doping agents. The reactivity of the
oxide was indicated by the initial reduction temperature (T;). «-Fe,O; prepared at
lower temperatures showed lower T, values and the reduction proceeded stepwise
(Fe, 03 — Fe;04 — Fe). T; values increased with the rise in the preparation tempera-
ture of the oxide. The oxides prepared at higher temperatures showed that two
reduction steps (Fe,0O; — Fe;0,, Fe;0, — Fe) proceed simultaneously. The prepara-
tion in oxygen gave higher 7; than that in air or nitrogen. The doping by metal ions,
except Ti**, lowered the T} of a-Fe,05. The Cu?? ion showed the lowest T;, while
Ti** showed the highest 7, and the inhibition effect.

The reduction process was expressed by two equations; Avrami-Erofeev’s
equation for «-Fe,0; — Fe, O, and Mampel’s equation for Fe,;O, — Fe.

INTRODUCTION

In previous papers® >, the catalytic thermal decomposition of solid KCIO, by
o-Fe, 05 was investigated in order to elucidate the influence of the preparation
methods of the oxide on its reactivity. An initial decomposition temperature, easily
detected by DTA andfor TG, was used as a reasonable parameter of the reactivity of
the oxide. The preseat paper is concerned with a systematic investigaiion of the
reduction by hydrogen of a-Fe,O; with different preparation histories.

The reduction of iron oxides has been investigated very extensively from scienti-
fic and industrial standpoints*~ 3. The different mechanisms are represented for the
various types of specimens (powder, pellet and ore) and experimental conditions
(temperature, pressure, isothermal, non-isothermal, etc.). The common features
being known at present are (1) the reduction of «-Fe,0O5 proceeds stepwise, (2) at
temperatures above 570°C, z-Fe,0, 1s reduced to Fe metal via Fe;O, and FeO and
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(3) below 570°C, it is reduced via Fe;0, only owing to the instability of FeO. Colombo
et al.* have reported two reduction processes for different o-Fe,Q5. They have also
shown that the kinetic behavior of the reduction is closely related to the defective
structure of the oxide.

In the present work, ¢-Fe,0O3 powders with different preparation histories were
prepared by calcination of seven iron salts in a stream of oxygen, air or nitrogen, in
the temperature range 560-1200°C, and thirteen metal ions were used for doping. In
order to compare the reactivity of o-Fe,O;, the initial reduction temperature (73)
was measured by TG. Isothermal kinetic experiments, X-ray analysis and SEM
observation were also carried out to give a clue to the process of the reduction of the
oxides.

TABLE 1

METHOD OF PREPARATION OF x-FeaO3

Sample Starting Atmosphere Temperature Doping
- material ( 100mi min1) {°C) material
(M{Fe = I mole S}

a-Fez03(51) FeS04 - TH=0 Air 7001200

a-Fez03(S2)  Fea(SOa)s - xH20 Air 7001200

er-FeaOa(IN) Fe(NO3); - 9H-0 Air 500-1200

a-Fe203(0) FeCls - 6H=20 Air - 500-1200

a-Fea03(A) Fe(OH)Y(CH3CO0): Oxygen, air 5001200

a-Fea03{() FeC-04 - 2H:0 Oxygen, air 500-1200

a-Fe0Qa(H) Fe(OH)s Oxygen, air, nitrogen  500-1200

a-Fea03(5:D)  FeSO; - THa0 Air 700 LiOH - H:O
Mg(OH):
Al(OH)z
SiOz(amorphous)
CuS0; - 5H=0
NiSO; - 6H20
MnS0; - 4-5H20
CoS04 - TH:0
Crz(50.)s - 4H20

a-Fe20a(0D) FeCa204 - 2H0 Air 500-900 LiCOa
TiOz(anatase)
CuC:04 - 1{2H:0
MgC204 - 2ZH20
NiCz0Q4 - ZH20
Cez(Ca04q)s - 9H20

* Laa(C204)s - 9H20

e-FexOa(MD) FeaOs Air 600 Li¥
Cun2+
B+
Tid+

* Prepared by precipitation from the equimolar agueous solution of FeSO4 and Fe2(SQs); containing
various metal ions.
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EXPERIMENTAL

Materials :

Ten «-Fe, 0O, samples and their preparation methods are shown in Table 1.
Seven iron salts, shown in column 2, were used as the starting materials. Two sulfates
were dehydrated in air at 200 °C for 0.5 h and subsequently decomposed to «-Fe,05(S, )
and (S,) in a stream of air (100 ml min™ ') at temperatures of 700-1200°C for 1 h.
These oxides were washed with hot water to remove residual sulfate ions until no
BaSQ, precipitate was observed in the filtrates. Five other iron salts were decomposed
in a stream of air, oxygen or nitrogen (100 ml min~!) at temperatures of 500-1200°C
for 1 h. The last three samples, a-Fe,05(S,D), (OD) and (MD) in Table 1 were
prepared in order to test the influence of doping by metal ions on the reactivity of the
oxide. Nine «-Fe,0,(S,D) samples doped with different metal ion were obtained
from the mixtures of FeSO, - 7H,0 and doping material (LiOH - H,O, Mg(OH),,
Al(OH),;, 8iO;(amorphous), CuSO, + 5H,0, NiSO, - 6H,0, MnSO, - 4-5H,0,
CoS0O, - 7TH,0, or Cr,(80,); - 4H,0, M/Fe = 1 mole?Y%,). The mixtures were
calcined in a stream of air (100 ml min~*) at 700°C for 1 h. Seven «-Fe,0,(0OD)
samples were prepared from the mixtures of FeC,0, - 2H,O and doping material
[LiCO,, TiO,(anatase), CuC,0, - 1/2H,0, MgC,0, - 2H,0, NiC,0, - 2H,0,
Ce,(C,0,); - 9H,0, or La,(C,0,); - 9H,0, M/Fe = 1 mole %, ]. The mixtures were
calcined in a stream of air (100 ml min~!) at temperatures of 500-900°C for 1 h. The
mixing of iron salt with doping material was carried out in an agate mortar for 1.5 h.
Four «-Fe,0,(MD) samples were obtained by the oxidation of Fe,;Q, samples in a
stream of air (100 ml min~ ') at 600°C for 1 h. Sampies of Fe,O, containing metal
ions were prepared from equimolar solution of FeSO, and Fe,(S0.,), containing
LiNOj;, Cu(NO,;),, Na;B,0; - 10H,0, or Ti,(80,4); - 8H,O (M/Fc = 1 mole%)
by use of 6 M NaOH. All oxides prepared were confirmed to be a-Fe,O; by X-ray
diffraction patterns. The iron salts and other materials used were GR reagents from
Kanto Chemical Co. In what follows, the preparation temperature of the oxide will be
indicated by, for example, a-Fe, 05 (A-500) in which 500 correspond to the tempera-
ture (°C).

TG and DTG

TG and DTG apparatus employed were a Cahn electrobalance Model RG with
a quartz hung-down tube {(d = 35 mm) and a Cahn time derivative computer Mark II.
A 30 mg «-Fe,0; was placed in a cylindrical quartz disk (10 x 10 mm). The measure-
ments were carried out at a heating rate of 4.5°C min™! and a chromel-alumel
thermocouple was used for the temperature measurements. Before the experiment, the
sample was evacuated at 10> mm Hg, and then the reduction was carried out in the
mixture of H,(50 mm Hg) and N,(100 mm Hg). A preliminary experiment showed
that the gas pressure of 150 mm Hg gave no buoyance effect up to 900°C. In iso-
thermal experiments, after the sample was heated to a fixed temperature in 150 mm
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Hg nitrogen, the apparatus was evacuated, and subsequently the reduction gas mixture
was introduced to start the reduction.

The initial reduction temperature (T;)
The value of initial reduction temperature (7;) was determined by measuring

the onset temperature of weight decrease on the TG curve. The accuracy of T; was
4+ 5°C.

X-Ray diffraction and scanning electron microscopy (SEM)

The X-ray diffractometer used was of the Geigerflex 2001 type (Rigaku Denki
Co.), and operated under the following conditions; Co target, Fe filter, 35 kV and
10 mA. The SEM apparatus used was of the MSM-4 type (Hitachi-Akashi Co.).
The SEM sample was coated with gold film (ca. 300 A) by using Ion Coater IB-3
(Eiko Eng. Co.).

Specific surface area and crystallite size

The specific surface area of a-Fe,O; was estimated by BET from the amount of
.N, adsorbed at —195°C. The crystallite size was calculated from the line width of the
X-ray diffraction line by Scherrer’s method.

RESULTS

Influence of preparation temperature and starting materials

Figure 1 shows (A) TG and (B) DTG curves of the hydrogen reduction of
a-Fe,04(A) samples prepared in air, and (C) X-ray diffraction patterns of partially
reduced samples. Four TG curves (a)-(d) are the resuits for «-Fe,O3(A) prepared at
500, 700, 900 and 1200°C, respectively. These samples can be divided into two groups,
(D) and (II). The first group (I) consists of samples prepared at lower temperatures,
500 and 700°C, which show the plateau at 11.1 % weight decrease. The value of 11.19
corresponds to the formation of Fe;O,. The formation of only Fe;O, at 11.19] is
confirmed by X-ray diffraction of 11.1 $,-reduced oxide as shown in Fig. 1(C) (i) It is
thought, therefore, that the reduction of «-Fe,O, prepared at lower temperatures
proceeds stepwise through reactions (1) and (2).

3 P6203 4+ H?_ — 2 Fe30_1_ + Hzo (1)
Fe,O, + 4 H, — 3 Fe + 4 H,0 @)

The DTG curve of a-Fe,0; (A-500) in Fig. 1(B) (a) shows two peaks at 350 °C
and 550°C corresponding to reactions (1) and (2), respectively. On the other hand,
the oxides of the second group (II) are those prepared at 900 and 1200°C, which do
not show the plateau at 11.1%,. The X-ray diffraction pattern of 11.1%/-reduced
a-Fe,0, (A-1200), Fig. 1(C) (ii), shows that this partially reduced sample was a
mixture of «-Fe,0;, Fe;0, and metallic Fe, and DTG curve of a-Fe,0; (A-1200),
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Fig. 1. (A) TG and (B) DTG curves of the hydrogen reduction of «-Fe:0z(A), and (C) X-ray
diffraction patterns of partially reduced samples up to 372°C and 474°C. (A) and (B), (8) —, =-Fez03
(A-500); (b) —-—, a-FeaO3(A-700); (€) ——, «-Fe203(A-900); (d) ————, a-FeaQa(A-1200). | =
TInitial reduction temperature (T3). (C), (i) «-FexOa(A-500) reduced up to 372°C; (ii) & FeaO3(A 1200)
reduced up to 474°C. @, « FexQa; O, Fea(Qa; X, a Fe.

Fig. 1(B) (d), shows a broad peak at 500-600°C. Therefore, in the reduction for the
second group, reactions (1) and (2) proceed simultaneously. The arrows on the TG
curves indicate the initial reduction temperature (7;) of o-Fe,O3(A). The T; value
increases from 260 to 400°C with the rise in the preparation temperature. It is observed
for all oxides that the reduction rate becomes slower above 600°C, and the oxides
prepared at higher temperature, such as a-Fe,0,;(A-900) and «-Fe,0;(A-1200), are
not reduced completely even at 800°C. The presence of FeO, which is known to be
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Fig. 2. TG curves of the hydrogen reduction of «-Fe«Qs(81). (a) —, a-Fe203(S:-700); (b) -------

a-FeaQa(S1-800); (€} —-—, a-Fe20a(51-900); (d) ——, a-Fe20a(S1-1000); (e) ———, a-FeaG3(S3-1200).
§ = Initial reduction temperature {775).
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Fig. 3. Relation between the initial reduction temperature (773 and the preparation temperature of

a-Fex203. O, «-FezO3(A); B, a-Fee0a(S1); @, «Fea03(Sz); @, w-Fex03(0); @, «-FexCa(N); @,
o-Fe203(C); ®5 a-FexQ3(H)- ———, Group(l); ——; group(Ii).
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Fig. 4. Detailed relation between the initial reduction temperature (75) and the preparation tempera-
ture of z-Fe:0Q3 prepared in the temperature range 600-800°C. @, «-Fez0a(0); ©, x-FezO3(H]}.

rather stable to hydrogen’, was detected by X-ray diffraction of samples heated up
to 600°C. The decrease in reduction rate at above 600°C may be due to FeO, which is
stable above 570°C.

Figure 2 shows the TG curves of the hydrogen reduction of «-Fe,04(S,)
prepared in air. Curves (a)—(e) correspond to those for «-Fe,0,(S;) prepared at 700,
800, 900, 1000 and 1200°C, respectively. The 7; increases from 310 to 440°C with an
increase in the preparation temperature between 700 and 1200°C. In a similar manner
to that in the case of «-Fe,05(A), Fig. 1(A), a-Fe,03(5,) can be divided into two
groups.

Figure 3 shows the rclation between the preparation temperature of seven
#-Fe,05 and the measured 7;. It is found that «-Fe,O; prepared at the lowest de-
composition temperature from each iron salt gives the lowest T; value, i.e. the highest
rcactivity for the hydrogen reduction. The value of 7; increases with increasing oxide
preparation temperature, whereas 7; appears to increase much more steeply above



294

4SUB x T T T —
s
~ 400 7
-
@
-a {_ -
P
a
(=]
£ 350} ~
5 ®
b ]
3 ©
e ® ©
.:._'!j 300 - .
= ~e
i o _ i
O
250 L _I 1 1 I
0 10 20 30

Specific surface area / m?/g

Fig. 5. Relation between initial reduction temperature (73) and specific surface area of «-FeaQOa.
O, a-Fe203(A); @, a-Fex03(51); @, a-Fe:03(Sz).

450 T T T T
L
.
£ 400 -
@
9
=4 2 i
ot
2
=
=13
+ 350 -]
= 0
-
= i i
-
¢ %
‘ma
= 3009 r 1
Z

250 L 13 r ] 1 1 I ] 1

0 l1occ 2000 3000 4000 5000

Crystalilite size/A

Fig. 6. Relation belween the initial reduction temperature {73) and the crystallite size of a-Fez0a.
O, a-Fea03s(A); @©, a-Fe20:(S1); @, a-Fe203(S2).



295

e .A-- - - ' = i . ;_.
.mh - ‘-"-’-.f £ 4 = '- sy ¥ 5 P ra o

=
= —

Fig. 7. SEM photographs of TG samples obtained at different stages of reduction. (1*-(3), o-FeaOs
(A-500). (1), a-Fep03 (unreacted sample); (2), at 372°C (Fea0a); (3), at 800°C (x-Fe). (4)(6), o-
Fez03(A-1200). (4), o-Fea0a (unrcacted sample); (5), at 474°C («-Fe20s3, FeaQa, a-Fe); (6), at 800°C
(x-Fe}.
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700°C. Any clear dependence of T, on the kind of iron salt used as starting material is
not observed between 500 and [200°C, which may indicate that the properties of the
oxide for the hydrogen reduction wcrc little affccted by the anion of iron salts. As
shown in Fig. 3, the reduction of group (I) (dotted lines) proceeds in the oxide with T;
below 375°C. As the preparation temperature of 700°C seems to be a characteristic
one, many 7T values were measured in the temperature range 600-800°C for two
samplcs [a-Fe,03(0) and (H)]. The results are shown in Fig. 4. A marked decrease
in T; can be observed at temperaturcs ncar 700°C. A similar change has been reported?
in the catalytic decomposition of KClO,. It may be interpreted that thesc phenomcena
are due to the Hedvall cffect since the Curie and Tammann tcmperatures are near
700°C.

Figure 5 shows the decrcasing tendency of 7} against an incrcasc in the specific
surface area of x¢-Fe,05(A), (S;), and (S;). Figure 6 shows the relation between T;
and the crystallite size of three kinds of a-Fe,05. T, seems to increase almost linearly
with an incrcase in the crystallite size.

Figure 7 presents typical SEM photographs showing the reduction process of
a-Fe,03(A-500) and (A-1200). The photographs (1)-(6) correspond to the samples
shown by the arrows on DTG curves in Fig. [(B), respectively. The results of X-ray
analysis are shown in parentheses. Photographs (1), (2) and (3) correspond to thc
unrcacted o-Fe,0,(A-500) and the samples taken at 372°C (11.1 %} reduction) and
800°C (completely reduced). Photographs (4), (5) and (6) correspond to the unreacted
a-Fe,03(A-1200), the samples taken at 474°C (11.1 94 reduction) and 800°C. In the
case of a-Fe,0,5(A-500), the unreacted sample (1) shows an aggregation of very fine
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Fig. 8. Fractional reduction vs. time curves of a-Fe:Os(A). (A) o-Fez0:({A-500); (B) x-Fe:0a
{A-1200).
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Fig. 9. Plots of {~ In (1 — &)}¥2and 1 — (I — «)*/? against time for the results in Fig. 8. {A) o-

Fex03(A-500) (Ist step reduction); (B) a-Fe201(A-1200) (Ist step reduction); (C) e-FeoOa(A-500)
(2nd step reduction); (D) a-Fez03(A-1200) (2nd step reduction).

particles. The 11.1% reduced sample (2), which was identified as pure Fe;04 by
X-ray analysis, shows no change in the shape compared with that of the unreacted
sample (1). The completely reduced sample (3) has a lustrous surface and it shows a
compact aggregation of very fine particles. On the other hand, in the case of a-Fe,0;
(A-1200), the unreacted sample (4) shows a large particle with flat surface which
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suggests melting of the oxide. The 11.19%, reduced sample (5), which consists of
a-Fe,0s, Fe, 0, and «-Fe, shows a surface characterized by cracks and shape different
from that of unreacted sample (4). The sample (6) reduced at up to 800°C has a
similar form to that of the completely reduced sample (3) of a-Fe,0,(A-500), but
each particle is larger than that of (3). It may be considered that «-Fe;O3(A-500) with
a high reactivity consists of small particles and is one reduced while keeping its
particle shape unchanged, in contrast to that a-Fe,05(A-1200) with a low reactivity
which consists of large flat shape particles and reduced with changes in its particle
shape and size.

Figures 8(A) and (B) show the weight decrease of #-Fe, 0 ;(A-500) and (A-1200)
as a function of time at various temperatures. In the case of «-Fe,O3({A-500), all
curves show the plateau at 11.1%] in a similar manner to TG curve in Fig. 1(A). The
reduction process of the oxide can be divided into two steps as shown in eqns. (1) and
(2). The weight decreases below 11.1 9/ correspond to the reduction of «-Fe,0, to
Fe; O, eqn. (1). The rate in the initial periods can be expressed by egn. (3), Avrami—
Erofeev’s equation“> 13 on the basis of the random nucleation mechanism, as shown
in Fig. 9(A).

{—In(l — )}*? = Kkt 3)

The value of « in eqn. (3) was normalized in such a way that the measured weight
decrease of 0 ~ 11.19 is equal to 2 = 0 ~ 1. The activation energy of 17.7 kecal
mole™! was estimated from the data in Fig. 9(A). On the other hand, the weight
decrease above 11.1%,, which correspond to the reduction of Fe,O, to the metallic
iron [eqn. (2)], can be expressed by Mampel’s equation’® on the basis of the phase
boundary controlled reaction mechanism {eqn. (4)] as shown in Fig. 9(C). The
activation encrgy of 14.3 kcal mole™ ! was estimated

I — (A —a&HYY3 =kt 4)

The value of «" in eqn. (4) was calculated by normalizing measured weight decrease
of 11.1 ~ 1009, toa” = 00 ~ 1 and time ¢’ was calculated by taking the time at 11.1%]
as ' = 0. The similar kinetic plots for a-Fe,O3(A-1200) are shown in Fig. 9(B) and
(D). The activation energies of 28.1 and 17.4 kcal mole™ ! were estimated from these
data, respectively.

From these results, it is found that, in. the reduction below 11.1%, the rate
constant k of a-Fe,(,(A-500) is larger than that of a-Fe,0,(A-1200) by a factor of
6-8 and the activation energy for the oxide prepared at lower temperature is lower by
about 10 kcal mole™! than that for the oxide prepared at higher temperature. On the
other hand, in the reduction above 11.1%,, both oxides exhibit similar k&’ values and
the activation energy. Consequently, it is found that the reactivity of a-Fe,Q, depends
on the preparation temperature, but the reactivity of Fe;O, formed is almost inde-
pendent of the difference in the preparation temperature of «-Fe,0;.
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Fig. 10. TG curves of hydrogen reduction of a-Fez03i(A) prepared in air and oxygen. (2)
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(d) ————, x-Fez203(A-900) in oxygen; (€) occoocoo, w-Fez0s(A-1200) in air; (f) -...... » &-FeaOg
(A-1200) in oxygen- | = Initial reduction temperature (T3).

TABLE 2

INITIAL REDUCTION TEMPERATURE (T3) OF #-Fez(s PREPARED IN VARIOUS ATMOSPHERES

a-FeaQz Preparation Preparation temperature {°C)
L
samp:e atmosphere 00 766 800 000 1000 1200
a-Fea03(A) Oxygen 270 275 320 355 440 440
Air 260 270 300 340 415 400
e-Fez03(0) Oxygen 310 340 350 360 385
Air 295 300 345 3ss5 360 370
a-FeoQa(H) Oxygen 265 285 300 390 425 430
Air 265 270 285 370 410 425
Nitrogen 260 280 290 370 350 400
TABLE 3
CHANGE IN SPECIFIC SURFACE AREA {5) AND CRYSTALLIIE SIZE (d) OF a-FexQ3(A)
FPreparation temperature { °C)
300 600 700 §00 500 1000 1100 1200
u-FezO3 S(m?/g) 13.5 11.6 9.9 8.0 3.5 1.5 1.9 2.0
(n air) d(A) 710 880 1110 1420 1750 3360 3950 4110
a-Fea0a S(m2/g) 15.8 13.1 103 6.7 4.3 1.9 1.7 0.6
(in oxygen) d(A) 730 850 1000 1600 2100 3010 2910 3770
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Influence of preparatior: atmosphere

Figure 10 shows the typical TG curves of «-Fe,O3(A) prepared in a stream of
air or oxygen. Curves (a), (c) and (e) correspond to samples prepared in a stream of
air at 500, 900 and 1200°C, and curves (b), (d) and (f) correspond to samples prepared
in a stream of oxygen at 500, 900 and 1200°C, respectively. The arrows on the TG
curves indicate T;. T, values of «-Fe,Q; prepared in oxygen are higher than in air.
Table 2 shows T; values of a-Fe,04(A), (O) and (H) prepared in oxygen, air and
nitrogen. It is found that the oxygen atmosphere results in higher 7; values than the
air over the whole preparation temperature range. a-Fe,O;(H) prepared in nitrogen
shows similar 7; values to those in air at preparation temperatures below 900°C, but
they become lower than those in air at 1000°C and 1200°C. In general, it is found that
higher oxygen partial pressiure in the preparation atmosphere leads to higher T
values. Table 3 shows specific surface area and crystallite size of a-Fe,O;(A) prepared
in air and oxygenat 500-1200°C. The increase in the preparation temperature resultsin
a decrease of the surface area and an increase in the crystallite size, but these values are
little affected by the preparation atmospheres. Therefore, the effect of preparation
atmosphere on T; is not explicable from the difference in the surface area and the
crystallite size.

Influence of doping by metal ions

Figure 11 shows TG curves of a-Fe,05(8, D) containing Ni** and Cu??* ions.
The T; of undoped oxide (a) is 310°C, while the T; of doped oxides with Ni** and
Cu?”" jons (b and c) are 260°C and 210°C, respectively. The complete reduction
temperature reached is also lowered by the doping of these ions. Table 4 shows T;,
the specific surface area and the crystallite size for «-Fe,03(8;D) containing 1 mole
% of nine metal ions, and the ionic radius®’’ of doping ions. It is found that the
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Fig. 11. TG curves of the hydrogen reduction of «-Fea0a(S:D). (a) . -Fea0a(8;-700); (b) —-—,

a-Fega(S:D-700.MNi%1); (¢) ———— , a-Fez03(8$:1D-700.Cu?+). | = Initial reduction temperature (7).
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TABILE 4

EFFECT OF VARIOUS METAL IONS ON THE INITTAL REDUCTION TEMPERATURE {(7i), SPECIFIC SURFACE AREA
(5) AND CRYSTALLITE SI1ZE (d) oF a-Fex03(S5:1))

Mnr i hy d Ionic
(1 mole %) (°C) (m=fg) (A) radiust?

(4)
Fe3t (pure) 310 10.7 800 0.69
Li+ 295 13.0 2580 0.88
513+ 285 17.1 1110 0.54
Al3+ 280 15.8 1330 0.67
Mgt 275 1000 0.86
Cr3+ 275 16.3 1010 0.76
Mn2+ 270 1560 081
Co?+ 270 17.3 820 075
Ni2+ 260 15.2 1330 0.84
Cuzt 210 74 > 5000 0.87
TABLE 5

EFFECT OF VARIOUS METAL IONS ON THE INITIAL REDUCTION TEMPERATURE [Ti) AND CRYSTALLITE SIZE
() OF -FezQOa(MD)

Afn+ T d fonic
(f mole %) (°C) (4) radiust
(A)
Fe3+ (pure) 320 960 0.69
La+ 320 920 0.88
Ti3+ 300 900 0.81
B3+ 280 630 026
Cu?+ 200 760 0.87

doping of metal ion leads to a lowering of T; by 15-100°C, and divalent transition
metal ions have a remarkable effect on the lowering of T}. The specific surface area of
the doped oxides are generally larger than that of the pure oxide, but Cu?* ion shows
a smallcr value than that of the pure oxide. The crystallite size and the ionic radius
seem to have little correlation with T;. Thercfore, the cffect of doping may be an
interaction of the ion with «-Fe,O;. When the concentration of doping agent is
increased from 1 to 50 mole 9/, the formation of ferrite of copper and nickel, and
solid solution of manganese and chromium were identified by X-ray analysis.

Table S shows T; and the crystallite size of a-Fe,O;(MD) prepared at 600°C by
the oxidation of Fe O, doped with 1 mole ¥, of doping agents. Cu?* ion shows the
lowest T; value. The same fact is also observed for a-Fe,0,(S,D) in Table 4.

Figure 12 shows the relation between the preparation temperature of o-Fe, O,
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Fig. 12. Relation between the initial reduction temperature (7;) and the preparation temperature of
®-Fex03(0D) containing various metal ions.

(OD) containing a metal ion and 7;. T; values of a-Fe,0;(OD) doped with the
transition metal ions (Cu®*, Ni**) and the lanthanoid metal ions (La®**, Ce**) are
lower than that of pure oxide. The doping of Li* and Ti** ions, however, results in
higher 7; values. All T; values except for Cu?* jon increase with an increase in the

preparation temperature. Cu?* ion leads to a slight decrease in 7.
DISCUSSION

Influence of preparation temperature
The reduction process of ferric ion for the initial stage is considered to be

0(25:rfa:e) + HZ(adsurb:d) - Hzo(gas) + 2 e (5)
2 Fe(:;-lil-rt'acc) + 2e” = 2 Fefs;'rhu) (6)

The reason for the increase in T; with the preparation temperature is considered
to be as follows. Equations (5) and (6) suggest that 7; depends on the hydrogen
adsorption power and the activity of the oxide ion. The activity of the oxide ion will
be higher in disorderly oxide than in orderly oxide. The crystallite size of the oxide is
increased and the surface area is decreased with an increase in the preparation tempera-
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ture. It is considered, therefore, that «-Fe, O, prepared at lower temperature is more
disorderly and highly defective than the oxide of higher temperature preparation.
Accordingly, the lower preparation temperature may result in the lower 73.

In the reduction of oxides (group I) prepared at lower temperatures, only
Fe,0,4 was observed in the sample reduced by up to 11.1%/, whereas in the reduction
of oxides (group II) prepared at higher temperatures, Fe, Fe;O, and x-Fe,0; were
observed in the sample. Whether the reduction type is group (I) or ({I) may depend
on the rate of eqns. (1) and (2) (r, and r.,), if #-Fe,0; is not directly reduced to Fe.
If (@) ry >» ri, Fe;O4; will accumulate, (b) r; « r,, Fe;O, formed will be rapidly
consumed to give Fe, and (c) ry =~ r,, Fe;0, and Fe will exist in a comparable
amount each other. These three cases may lead to an 11.1 9 reduction, (a) [Fe;O4] >
[Fel, [«-Fe 03], (b) [Fe;0,] « [Fel, [«-Fe,0;], and (c) [Fe;O,] ~ [Fe] ~
[¢-Fe, 03], respectively, where the brackets indicate the amount of species. It is found
from Fig. 1(C) (1) and (31) that cases (a) and (c) correspond to the oxides prepared at
lower temperatures and at higher temperatures, respectively. The values of r, and r,
wolild depend on the reactivity of a-Fe, 05 and Fe;O,, respectively. It is assumed
from Figs. 8 and 9 that r, and r, is expressed by eqns. (3) and (4), respectively. Since
Fig. 9(C) and (D) show that the slopes of the lines are almost the same at the same
temperature, r, is little affected by the preparation temperature of the oxides. On the
other hand, «-Fe,O; prepared at lower temperatures consisting of small particles has
higher reactivity, and thus a larger r; value, than that of the oxide prepared at higher
temperature consisting of large flat particles. Accordingly, the condition of r; > r,
will be realized for the low temperature oxide and r, ~ r, will be realized for the high
temperature oxide.
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Fig. 13. TG curves of a-Fea03(0-450) in oxygen and nitrogen atmospheres. -——-—,' In oxygen;

————— , in mitrogen.
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Influence of preparation atmosphere

It was found from Fig. 10 and Table 2 that the T; values of a-Fe, O, prepared in
oxygen are higher than those of the oxides prepared in air or nitrogen; a higher oxygen
partial pressure leads to lower reactivity. Figure 13 shows the TG curves of a-Fe, O,
in 150 mm Hg of oxygen and nitrogen in the temperature range between room
temperature and 900°C. The oxide used was a-Fe,0;(0-450) prepared in a stream
of oxygen. The notable weight decrease, which is caused by the evolution of oxygen
from the oxide, is observed at temperatures above 300°C in nitrogen and above 650°C
in oxyegen. The weight decrease observed in a nitrogen atmosphere is greater than in
oxygen, and the formation of Fe;0, was confirmed by X-ray analysis of the sample
heated to 900°C. «-Fe,0, is usually regarded as a nonstoichiometric oxide with an
oxygen deficit. It is thought that the difference in the oxygen partial pressure in the
preparation atmosphere results in the difference in the activity of oxide ion and in the
concentration of oxygen defect. Consequently, «-Fe, Q5 prepared in air or nitrogen
will be much more defective and thus more reducible than the oxide prepared in
oxygen.

Influence of doping by metal ions

It was found from Figs. 11 and 12 and Tables 4 and 5 that the doping of metal
ions except Ti* ¥ gives a rise to a higher reactivity of a-Fe,O,; the Cu?™ ion, especially,
shows the most remarkable effect. The difference in 7} values caused by doping was
not correlated with the surface area, the crystallite size of the oxide and the ionic
radii of doping ions. As mentioned above, the reduction rate of «-Fe, Q5 to Fe, 0.,
eqn. (1), is controlied by the nucleation process. Accordingly, the lowering of T;
caused by the doping is presumed to be due to an increase in the ability for the
nucleation on the oxide surface. T; values of the oxides of doping metals shown in
Table 4, which were measured under the same experimental conditions as in z-Fe,O,,
are 180°C(CuQ), 200°C(MnO,), 235°C(Co;0,), 255°C(NiO) and 275°C (z-Fe,0,;
commercial). Other oxides were not reduced at temperatures up to 800°C. This fact
may show that the reducible oxides lead to a lowering of the 7; of w-Fe,05. As
already mentioned, a small amount of ferrites or solid solutions can be formed on the
surface of x-Fe, 05 by doping of the transition metal ions. It may be presumed that the
activity of the oxide ion of a-Fe, 05 and the hydrogen adsorption power of the oxide
will be increased by the formation of ferrite, solid solution or these embryo. In fact,
the initial reduction temperature of copper and nickel ferrites were observed to be
lower than that of x-Fe, O, prepared at the same temperature asin ferrites. According-
ly, the nucleation on the oxide surface will depend on the surface concentration of
reducible oxide ion. The reduction of «-Fe, 0, to Fe;0., was observed to be appreciably
enhanced by the presence of CuQ even when the oxide was merely mixed mechanically
without calcination. It can be considered® that this effect is provided by the hydrogen
adsorbed on copper metal which was produced by the reduction of CuO, whereas
Cr,0;, Al,O5, La,05, Mg0, 8i0,, TiO,, etc. were not reduced under the same
conditions at up to 800°C. These oxides, however, also lead to a lowering of the 7T of
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a-Fe,05. Cr,05 was found to form a solid solution with a-Fe,0; and other oxides

may form a solid solution or ferrite.

On the other hand, doping with Ti** ion at higher preparation temperature
resulted in an increase in T; of a-Fe,03(0OD), Fig. 12. The formation of Fe,TiO was
identified by X-ray analysis in the equimolar mixture of «-Fe, O, and TiO, calcined
above 900°C. It was observed that Fe,TiO5 is more difficult to reduce than «-Fe,0;;
the initial reduction temperature of Fe,TiO; prepared by calcination of «-Fe,0,(0)
and TiO, at 1200°C was 490°C, whereas that of «-Fe,03(0-1200) was 385°C.
Accordingly, the decrease in the reactivity by doping of Ti** ion will be interpreted
as being due to a coating effect of Fe,TiO; layer on the surface of «-Fe,0,(0D).
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