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Silica-supported iron oxide catalyst was prepared by hydrolysis of a mixed solution of ethyl 
silicate and iron(II1) nitrate dissolved in ethylene glycol. A gel obtained by the hydrolysis was dried 
and calcined at various temperatures. The iron oxide particles thus prepared were maghemite 
(y-Fe,OS), deduced by EXAFS (extended X-ray absorption fine structure) measurements and the 
sample color. The maghemite particles were classified into two groups: one is small but detectable 
by transmission electron microscopy (TEM) and the other is too small to be detected by TEM. The 
former was well controlled to a consistent size, which depended on the calcination temperature, 
and exhibited ferrimagnetic properties. The latter showed superparamagnetic properties and was 
estimated to be smaller than 10 A in particle size by magnetic and Mossbauer measurements at low 
temperature. For comparison, the catalyst was also prepared by a conventional impregnation 
method using silica powder and an aqueous solution of iron(II1) nitrate. Iron oxide thus prepared 
was hematite (a-FeZO,) and the particle sizes were broadly distributed. o 1987 Academic press. IX. 

INTRODUCTION 

Catalyst consisting of a small metal or 
metal oxide particle dispersed on carriers 
with high surface areas has been exten- 
sively studied, aiming at improved activity 
and selectivity for a catalytic reaction (I). 
The activity and selectivity of a supported 
catalyst are well known to depend upon the 
methods employed for the catalyst prepara- 
tion. One of the reasons lies in the sizes of 
the metal or metal oxide particles in the 
catalyst. There are at least three kinds of 
metal atoms exposed on the surface of the 
particles, registered as corner, edge, and 
surface plane atoms, and their fractions 
vary with the particle size (2). Catalytic 
reactions are considered to take place on 
these exposed atoms with different rates 
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and selectivities (3). Another reason is that 
metal atoms can assume several oxidation 
states according to the preparation condi- 
tions. The rates and selectivities of cat- 
alytic reactions strongly depend upon the 
oxidation states of the metal atoms (4). 

In iron atoms of iron oxides a few oxida- 
tion states are observed: FeO, Fe203, and 
Fe304. In addition, two crystallographic 
forms are observed in Fe203: maghemite 
(y-Fe203) and hematite (a-FezO,). Iron 
oxides have been studied as a selective 
catalyst for the production of butadiene in 
the partial oxidation of butene. Misono et 
al. (5) studied the catalytic performances of 
unsupported a-Fe203, y-Fez03, and Fe304 
for oxidative dehydrogenation of butene 
and reported that y-Fe203 exhibited the 
highest activity and selectivity of these 



IDA ET AL. 429 

three types of iron oxides. An attempt to 
disperse fine maghemite particles over a 
silica surface has been made by Lunde and 
Dumesic (6). They found that Fe304 was 
converted to y-Fez03 but not to cr-Fe203 
during oxidation of the catalyst and inter- 
preted in terms of a particular interaction of 
Fe304 with the silica support. This interac- 
tion was believed to be attributed to the 
substitution of Si4+ ions with Fe3+ ions in 
tetrahedral sites of Fe304 spine1 at their 
interface. Yang et al. (7) recently reported, 
however, that only cw-Fe203 was observed 
in calcined silica-supported iron oxide cata- 
lyst but no trace of y-Fez03 was identified. 
In their subsequent paper (8) the selectivity 
of the Fe304 catalyst for the production of 
butadiene was reported to increase up to 
80%, from less than 50%, with the decrease 
in the particle size of Fe304. 

Under these circumstances it has been 
desirable to develop techniques to control 
the oxidation states and the particle sizes of 
iron oxides in supported catalysts. In our 
previous paper (9) it was emphasized that 
fine metal or metal oxide particles of a 
consistent size were produced when metal 
nitrate dissolved in ethylene glycol and 
ethyl silicate were employed as starting 
materials for silica-supported metal or 
metal oxide catalyst. This technique for 
catalyst preparation was called the alkoxide 
technique and was applied to the prep- 
aration of the silica-supported iron oxide 
catalyst in the present work. It was also 
emphasized in our previous paper (10) that 
EXAFS (extended X-ray absorption fine 
structure) spectroscopy is a useful tool with 
which to characterize fine particles in cata- 
lysts. Therefore, the iron oxide particles 
dispersed in the silica support were charac- 
terized by means of EXAFS as well as 
Mossbauer spectroscopy and magnetic 
measurements. XRD (X-ray diffractome- 
try), TEM (transmission electron micros- 
copy), and infrared spectroscopy were 
also employed to reveal the structural fea- 
tures of the iron oxide particles. For com- 
parison, the iron oxide particles in the 

silica-supported catalyst prepared by a con- 
ventional impregnation method were also 
studied. 

EXPERIMENTAL 

I. Catalyst preparation. The catalyst 
employed was silica-supported iron oxide, 
prepared by hydrolysis of a mixed solution 
of ethyl silicate and iron(II1) nitrate dis- 
solved in ethylene glycol at 353 K. A gel 
thus prepared was dried at 383 K for 24 h, 
followed by calcination in air at the desired 
temperatures for 4 h. The iron con- 
centration in the catalyst was 10 wt%. The 
catalyst thus prepared is designated cata- 
lyst A. The preparation procedures of the 
catalyst A are summarized in Table 1. 

The catalyst called catalyst I was pre- 
pared by impregnating silica powder with 
an aqueous solution of iron(II1) nitrate. The 
impregnated powder was dried at 383 K for 
24 h and then calcined at 773 K for 4 h. The 
iron concentration in catalyst I was also 10 
wt%. The silica powder employed was pre- 
pared by hydrolysis of ethyl silicate at 353 
K and the surface area was 410 m2/g by the 
BET method using nitrogen at its liquid 
temperature. 

2. XRD and EXAFS measurements. The 
catalyst powder was subjected to XRD 
analysis. An X-ray diffractometer (Rigaku- 
Denki Co., Geigerflex) was operated at 30 
kV with a filament current of 15 mA using a 
Ni filter for CuKa radiation with a wave- 
length of 1.542 A. The crystalline size of the 
iron oxide in catalyst I was estimated by the 
width at half-height using Sherrer’s equa- 
tion (II). 

TABLE 1 

Preparation Procedures of Silica-Supported Iron 
Oxide Catalyst by Alkoxide Method 

1 Fe(NO& dissolved in ethylene glycol at 353 K 
2 Addition of Si(OCzH& at 353 K with stirring 
3 Hydrolysis at 353 K with stirring for 5-10 h, 

a gel is formed 
4 Drying at 383 K for 24 h 
5 Calcined at various temperatures for 4 h in air 
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An in house EXAFS spectrometer 
employed in the present work has already 
been described (12). The experimental con- 
ditions and the methods of the data anal- 
yses were almost the same as those 
mentioned in a previous paper (ZO), except 
that Ge(311) crystal was employed as a 
dispersing element with a slit width of 500 
pm. The resolution is about 4.5 eV, 
estimated from FWHM (full-width half- 
maximum) measurements of W La line. In 
order to diminish the adsorption by air, a 
He path was used for the EXAFS measure- 
ments. The sample powder was diluted by 
an appropriate amount of boron nitrite, if 
necessary, and all the measurements were 
made at room temperature. 

3. TEM measurements. The particle size 
of the iron oxide in the catalyst was moni- 
tored by a TEM (Hitachi, H-800), operated 
at an accelerating voltage of 200 kV with 
the magnification of IO’. The photographs 
were enlarged two to four for reproduction. 
About lo3 particles in the photographs were 
measured in each catalyst to obtain the size 
distribution curve. 

The sample powder was first ground with 
an agate mortar and then suspended into 
ethanol with an aid of supersonicant. The 
fine part of the suspension liquid was pi- 
petted over a microgrid to be subjected to 
TEM measurements. 

4. Magnetic measurements. Since the 
iron oxide in catalyst A was proved to be 
maghemite (y-FeZ03) by EXAFS measure- 
ments, the magnetic property was mea- 
sured with a vibrating sample magne- 
tometer (Toei-Kogyo Co., VSM-2) with a 
vibrating frequency of 80 Hz and a mag- 
netic field up to 2 T. Most of the mea- 
surements were carried out at room 
temperature. The magnetic measurements 
at low temperatures (4.5290 K) were per- 
formed with a Faraday-type magnetometer 
at the Institute for Molecular Science. The 
magnetometer was equipped with a super- 
conductive magnet (Oxford Co.), supply- 
ing a magnetic field up to 5 T, and with a 
cryostat available at liquid He temperature. 

The sample temperature was measured by a 
carbon or platinum resistance thermom- 
eter. The details of the apparatus have been 
described elsewhere (13). 

5. Miissbauer spectroscopy. The Moss- 
bauer spectrometer system used in the 
present work has been described in a previ- 
ous paper (14). In short, it consists of a 
radioactive source (57Co diffused into rho- 
dium) and a proportional counter con- 
nected to a multichannel analyzer for the 
data collection. The signals were accumu- 
lated for 72 h and then treated with a 
computer system developed at Tokyo 
Metropolitan University. A cryostat avail- 
able at liquid He temperature was used for 
the measurements at low temperatures. 
The samples were ground, mounted on 
aluminum foil, and then placed at a proper 
position in the cryostat. 

6. Infrared spectroscopy. The interaction 
between fine maghemite particles and the 
silica support was studied by means of 
infrared spectroscopy (JASCO, IR-3A) 
with a conventional KBr method. The mea- 
surements were carried out at room tem- 
perature in the wavenumber range of 700 to 
4000 cm-‘. 

RESULTS AND DISCUSSION 

1. XRD and EXAFS Analyses 

For catalyst I the X-ray diffraction peaks 
assigned to a-Fe203 were clearly observed 
and grew with calcination temperature, as 
shown in Fig. 1. From these diffraction 
peaks the mean crystalline size of the 
hematite in catalyst I was roughly 
estimated using Sherrer’s equation. The 
size increased with elevation of the cal- 
cination temperature (Fig. 2). 

For the catalyst A, no diffraction peaks 
were observed even when the catalyst was 
calcined at 1273 K for 4 h, suggesting that 
the iron oxide particles in catalyst A are 
very small. Accordingly, an EXAFS study 
was carried out to identify the chemical 
species of iron oxide in the catalyst. In Fig. 
3 are shown the Fe EXAFS spectrum of 
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FIG. 1. X-ray diffraction patterns of catalyst I cal- 
cined at various temperatures. 

catalyst A calcined at 773 K and its associ- 
ated Fourier transform. For comparison, 
the EXAFS spectra of standard samples of 
cu-Fe203, y-FezOj, and Fe304 are depicted 
in Fig. 4 with their associated Fourier trans- 
forms. As will be mentioned below, the iron 
oxide in catalyst A exhibits a ferrimagnetic 
property, indicating that the iron oxide 
should be assigned as either y-Fe203 or 
FejOd. Comparing the Fourier transform of 
catalyst A with the transforms of the stan- 
dard y-Fe203 and Fe304, the peaks due to 
Fe-O and Fe-Fe bondings appeared at the 
same positions in these three transforms, 
although the peak intensities are quite dif- 
ferent. Thus, the EXAFS measurements 
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FIG. 2. Change in the particle size of a-Fe>O, in 
catalyst I with calcination temperature. 
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FIG. 3. EXAFS spectrum of iron oxides in catalyst 
A calcined at 773 K (a) and the associated Fourier 
transform (b). 

also suggest that the iron oxide in calcined 
catalyst A is either y-Fe203 or Fe304. The 
curve-fitting technique often employed for 
the determination of chemical species (15) 
is of no use in the present case, since the 
crystallographic structure of y-Fe203 is a 
defect spine1 with a lattice constant of 8.30 
w  (26). The color, however, can be evi- 
dence that the iron oxide is y-Fe203 and not 
Fe304, since Fe304 is black and y-Fe20j is 
red brown. The difference in the peak 
intensities of their Fourier transforms indi- 
cates that the iron oxide (y-FezOj) particles 
in catalyst A are very small. The peak 
intensities in the Fourier transform of small 
particles decrease with increasing distance 
from the central absorbing atom and the 
mean particle size can be roughly estimated 
from the transforms using the techniques 
developed by Greegor and Lytle (17) and 
applied by the present authors (18). The 
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FIG. 4. EXAFS spectra of standard samples of cY-Fe,03, y-Fe20,, and FelO, (a) and their associated 
Fourier transforms (b). 

resulting value is around 10 A, in contrast 
to the results obtained from TEM measure- 
ments mentioned below. 

2. TEM Measurements 

Typical photographs of the iron oxide 
particles in catalysts I and A calcined at 773 
K are shown in Fig. 5, showing that the 
particles in the catalyst A are a consistent 
size but those in the catalyst I are not. The 
size distribution curves obtained from these 
photographs are depicted in Fig. 6. The 
sharp distribution curve was obtained for 
the iron oxide particles in catalyst A, being 
characteristic of the alkoxide technique for 
the preparation of catalysts (19). The mean 
particle size obtained by the equation d = 
Z& nidilni for the size distribution curve 
varied with the calcination temperature, as 
shown in Fig. 7. The size of the iron oxide 
(y-Fe203) particles in catalyst A increased 

with increasing calcination temperature and 
no particles were observed by TEM in 
dried catalyst A. The mean particle size in 
catalyst A calcined at 773 K is about 60 A, 
inconsistent with the particle size estimated 
by EXAFS measurements. This might be 
due to the lower limit of the TEM employed 
in this work. The smaller the particles, the 
less contrast is observed in the photograph. 
Consequently, it is suggested that there are 
at least two kinds of iron oxide particles in 
catalyst A: one is small but detectable by 
TEM, the size still being well controlled at 
a consistent level and the level varying with 
the calcination temperature, and the other 
is too small to be observed by TEM. 

3. Magnetic Measurements at Room 
Temperature 

Since the iron oxide in catalyst I is 
proved to be hematite (cu-FezOs), an antifer- 
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FIG. 5. Typical micrographs of iron oxide particles in catalyst I (a) and A (b) caicined at 773 K. 

romagnetic substance, the magnetic mea- terms of electromagnetic units per gram 
surements were performed only for the iron (emu/g) of catalyst powder. Besides the 
oxide (y-Fe203) in catalyst A. The magneti- dried sample, the magnetizations increased 
zation curves of the dried and calcined rapidly for the first 0.3 T of the magnetic 
catalyst A are demonstrated in Fig. 8, field and then gradually increased with the 
where the magnetizations are expressed in field strength up to 2 T. This seems to 
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particle size / A 

FIG. 6. Change in the particle size distribution of 
iron oxide in catalyst A with calcination temperature. 

indicate that the iron oxide particles in 
calcined catalyst A are classified in at least 
two groups: one shows a rapid response to 
the applied magnetic field and the other is 
magnetized proportionally to the strength 

200. 

b: 

ilOO. > 

magnetic field / T  

FIG. 8. Magnetization curves of catalyst A calcined 
at various temperatures. 

of the applied field. The former is rather 
ferrimagnetic and might be attributed to the 
particles observable by TEM and the latter 
is superparamagnetic and might be the par- 
ticles undetectable by TEM. The small 
coercive forces (around 20 Oe for any cal- 
cined samples) shown in Fig. 8 show that 
the particles observable by TEM are still 
fine. The iron oxide particles in dried cata- 
lyst A were hardly magnetized and their 
magnetizations were quite proportional to 
the applied magnetic field, indicating that 
the particles are superparamagnetic. This is 
very consistent with the fact that no parti- 
cles were detected by TEM in dried cata- 
lyst A. 

In Fig. 9 is shown the change in the 
magnetization of catalyst A at 2 T with the 
calcination temperature. The magnetization 
increased with increasing calcination tem- 
perature up to 923 K and then rapidly 
decreased. The increase in the magnetiza- 
tion up to 923 K is attributed the particle 
growth of the iron oxide (y-Fe203) and the 
rapid decrease at the higher temperatures is 
ascribed to the conversion of y-Fe203 to 
cw-Fez03, since a-Fe203 is a more stable 
species under these conditions. 

OL 
673 873 1073 1273 

calcination temperature / K 

FIG. 7. Change in the mean particle size of iron 
oxide in catalyst A with calcination temperature. 

4. Magnetic Measurements at Low 
Temperature (4.5-290 K) 

The magnetization curves of catalyst A 
calcined at 773 K were measured at low 
temneratures (Fin. IO) and the change in the 



IRON OXIDE IN Fe203/Si02 CATALYST 435 

3: 
273 473 673 673 1073 1273 

calcination temperature / K 

FIG. 9. Change in the magnetization of catalyst A at 
2 T with calcination temperature. (Measurements were 
done at room temperature.) 
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FIG. 10. Low-temperature magnetization curves of FIG. 11. Change in the magnetization of catalyst A at 

magnetization at the magnetic field of 5 T 
was plotted against sample temperature 
(Fig. 11). The magnetization at 5 T gradu- 
ally increased with decreasing the sample 
temperature and rapidly increased at the 
temperatures lower then about 50 K. This 
indicates again that at least two kinds of 
iron oxide particles are present in calcined 
catalyst A: One is superparamagnetic, 
showing a rapid increase in magnetization 
at the temperatures less than 50 K, proba- 
bly due to the reduction in thermal move- 
ments of the particles at low temperature. 
The other is ferrimagnetic and all the mag- 
netic momenta of the particles are com- 
pletely oriented with the direction of the 
applied field. The latter is the iron oxide 
particles sized about 60 A, as already mea- 
sured by TEM. 

By extrapolating the linear part of the 
curve shown in Fig. 12, the magnetization 
of the ferrimagnetic particles at 0 K with 
the field strength of 5 T was estimated, 3.65 
emu/g. Similarly, the magnetization at 
liquid He temperature (4.5 K) was 
estimated to be 3.6 emu/g of catalyst 
powder. The expected magnetization curve 
of the ferrimagnetic particles in calcined 
catalyst A at 4.5 K is shown by the solid 
curve in Fig. 10 (designated 4.5 est.). The 
curve of 4.5 est. was drawn similarly to the 
curve at 290 K, since the magnetization of 
the superparamagnetic particles might con- 

5 .I‘ with temperature. catalyst A calcined at 773 K. 
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FIG. 12. Miissbauer spectra of iron oxides in catalyst 
A calcined at 773 K. (a) At room temperature, (b) at 78 
K, and (c) at 4.5 K. 

tribute less at this temperature. Accord- 
ingly, the differences between the curves 
designated 4.5 K and 4.5 est. are att~buted 
to differences in the magnetizations of the 
superparamagnetic particles at the liquid 
He temperature with the corresponding 
magnetic fields. The magnetizations of the 
superparamagnetic particles in calcined 
catalyst A at 4.5 K are thus estimated (20) 
and are summarized in Table 2. 

5. Miissbauer Spectroscopy 

Mossbauer spectra of the iron oxide in 
calcined catalyst A are shown in Fig. 12. 

The spectrum measured at the liquid He 
temperature consists of two components: a 
central doublet and a hyper~ne-split com- 
ponent. The central doublet is attributed to 
iron oxide particles behaving superpara- 
magnetically, while the magnetically split 
sextuplet, which was negligibly observed at 
liquid N2 temperature, is caused by the 
presence of the iron oxide particles exhib- 
iting fe~imagnetic properties (20). This is 
very consistent with the results mentioned 
above. The isomer shift estimated from the 
central doublet is about 0.35 mm/s and is 
significantly smaller than that of bulk mag- 
hemite, 0.5 mm/s, with respect to metallic 
iron. This suggests that the electronic states 
of Fe ions in the superparamagnetic parti- 
cles are quite different from those in the 
bulk maghemite because of the bond forma- 
tion, such as S-O-Fe, proposed as a 
strong oxide-oxide interaction between the 
supe~aramagnetic oxides and silica sup- 
port (6). The magnetic split of the sextu- 
plet, caused by the ferrimagnetic particles, 
is about 450 kOe and is also much smaller 
than that of the bulk value, about 520 kOe 
at liquid He temperature. The reduced split 
of sextuplet has been observed often (21) 
and is attributed to the collective magnetic 
excitations in small particles (22). 

By computer fitting applied to the com- 
bined spectra of the central doublet and the 
sextuplet, the fraction of iron atoms in the 

TABLE 2 

Calculation of Langevin Function Using the Results Shown in Fig. 11 

Magnetic 
field 

We) 

10 
15 
20 
25 
30 
35 
40 
45 
50 

Magnetization 
(emuk) 

0.93 
1.60 
2.13 
2.60 
3.07 
3.47 
3.73 
4.13 
4.27 

c = 2 x 10-s c = 4 x 10-S c = 6 x 1O-5 

a = cH L(a) a = cH L(a) a = cH L(a) 

0.2 0.0665 0.4 0.132 0.6 0.195 
0.3 0.0994 0.6 0.195 0.9 0.285 
0.4 0.131 0.8 0.256 1.2 0.366 
0.5 0.164 1.0 0.313 1.5 0.438 
0.6 0.195 1.2 0.366 1.8 0.500 
0.7 0.226 1.4 0.415 2.1 0.552 
0.8 0.255 1.6 0.460 2.4 0.599 
0.9 0.285 1.8 0.500 2.7 0.637 
1.0 0.313 2.0 0.537 3.0 0.672 
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superparamagnetic particles was calculated 
by measuring the percentage of the total 
spectral area present as a central super- 
paramagnetic doublet. It was proved that 
about 75% of the iron atoms in calcined 
catalyst A are contained in the superpara- 
magnetic particle fraction and the other 
25% are in the ferrimagnetic particle por- 
tion. The details of the technique employed 
for the calculation has been mentioned else- 
where (23). 

6. Estimation of the Size of 
Superparamagnetic Particle 

It is obvious in the results and discussion 
above that two kinds of maghemite parti- 
cles exist in calcined catalyst A: One is 
ferrimagnetic and detectable by TEM, the 
size being controlled in an even level. The 
other is superparamagnetic and is too small 
to be detected by TEM. The size of the 
latter particles was roughly estimated by 
EXAFS to be around 10 A. In this section 
the size of the superparamagnetic particles 
is discussed in regard to the results 
obtained by magnetic and Mossbauer mea- 
surements at liquid He temperature, 
although the time scale for superparamag- 
netism is different for magnetic suscepti- 
bility and Mossbauer spectroscopy. The 
estimation of size was carried out according 
to the method proposed by Okamoto et al. 
(20). 

If the size of the particles is relatively 
uniform, a single Langevin function below 
will be satisfied with a proper variable of c. 
The single Langevin function is expressed 
as 

M = Ms. L(a), a = cH and c = plkT, 

where M and M, are the magnetization at a 
certain field strength and the saturation 
magnetization, respectively, p is a mag- 
netic momentum of the particle of interest, 
and k is Boltzmann constant. Since the 
values of M are summarized in Table 2, the 
calculations were carried out with various c 

- 

0.8 

FIG. 13 

values. As seen in Fig. 13, a linear relation- 
ship between M and L(a) was obtained 
when c was taken to be 4 x 10P5. The 
results obtained are also summarized in 
Table 2. 

The magnetic momentum of a superpara- 
magnetic particle was calculated using /.L = 
ckT and the value of 2.67 pn was obtained, 
while the magnetic momentum of an iron 
ion in the superparamagnetic particle can 
be estimated from the slope of the line 
(c = 4 x 10-5) in Fig. 13, and the value of 
0.13 FB was obtained. Thus, a superpara- 
magnetic particle is found to contain 
about 20 (2.67/0.13) iron atoms. The iron 
oxides in catalyst A are ascribed to mag- 
hemite, by EXAFS, and the maghemite 
is a defect spine1 with 21 iron atoms 
in a unit cell (16). 

These considerations led us to the con- 
clusion that the size of the superparamag- 
netic particles in catalyst A is about an 
order of a unit cell of maghemite (y-Fez031 
dispersed in a silica network. It may be 
possible that the unit cells are formed 
during drying the gel obtained by hydroly- 
sis, since no particles were observed by 
TEM in the dried sample and no ferrimag- 
netic properties were detected by the mag- 
netic measurements. The iron atoms in the 
unit cell are believed to be bound to Si 
atoms in a silica network, forming Fe-0-Si 
bondings which were observed by the 
infrared spectroscopy. 
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7. Infrared Spectroscopy 

Infrared spectra of calcined catalyst A 
and silica powder are shown in Fig. 14. The 
absorption peaks observed at 800 and 1070 
cm-’ are assigned to the symmetric and 
asymmetric stretching modes of Si-0-Si 
structures in a SiOz network. The peak at 
9.50 cm-’ is probably due to the presence of 
a Si-O-Fe structure since Si-O-M bond- 
ing, where M represents a metal atom such 
as Al, Ti, Zr, Ge, or Ni, has been reported 
to show an additional absorption peak be- 
tween 800 and 1100 cm-’ (24). The pres- 
ence of the Si-O-Fe structures in catalyst 
A is evidence of the strong oxide-oxide 
interaction (6) between the iron oxides and 
the silica support. No such an absorption 
peak was observed in the spectrum of cata- 
lyst I. 

CONCLUSION 

On the basis of the present results, the 
mechanism of the formation of maghemite 
particles in calcined catalyst A is concluded 
as follows: First, iron atoms are atomically 
dispersed in the gel obtained by hydrolysis 
of a mixed solution of ethyl silicate and 
iron(II1) nitrate dissolved in ethylene 
glycol, since it has been already proved that 
nickel atoms are atomically dispersed in the 
gel prepared by similar techniques using 
nickel nitrate (9). These highly dispersed 
iron atoms coagulate to form small mag- 

100 
- Fe203 I Si02 

------- Si02only I REFERENCES 

4ooo 2cIoo 1500 loo0 500 

wavenumber I cm-’ 

FIG. 14 

hemite particles during drying at 383 K, the 
size being around 10 A. These small parti- 
cles might be unit cells of maghemite 
WWN, exhibiting superparamagnetic 
properties. A part of the cells moved 
around in the Si02 network during the 
calcination and coagulate again to form 
ferrimagnetic particles, detectable by 
TEM. The fraction of iron atoms in the 
ferrimagnetic particles to the total iron 
atoms in the catalyst depends upon the 
calcination temperature. When the catalyst 
was calcined at 773 K, the fraction was 
estimated to be about 25 at.%. 

A question still remains why the iron 
oxide in calcined catalyst A is maghemite 
(y-Fe203) and not hematite (a-Fe,O,); nev- 
ertheless the hematite is known to be more 
stable than the maghemite under the condi- 
tions employed. The reason is not clear but 
it should be mentioned that when aqueous 
iron (III) nitrate or iron(III) isopropoxide 
dissolved in isopropanol was employed as 
the starting material, instead of iron(II1) 
nitrate dissolved in ethylene glycol, the iron 
oxide in the calcined catalyst was found to 
be hematite, not maghemite. This seems to 
mean that a divalence alkoxide such as 
ethylene glycolate is necessary for the 
preparation of maghemite particles. 
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