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Flame pyrolysis – a preparation route
for ultrafine pure c-Fe2O3 powders and
the control of their particle size and properties
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Highly dispersed c-Fe2O3 powders with particle sizes down to 5 nm were directly synthesized

by combustion of solutions of iron pentacarbonyl or iron(III) acetylacetonate in toluene in an

oxyhydrogen flame. The particle size as well as other properties of the obtained powders can

be controlled simply by varying the iron concentration in the starting solutions. Phase

composition, morphological and magnetic properties of the powders were studied. The

reasons for the formation of c-Fe2O3 are discussed by means of structure—chemical/kinetic

considerations. The materials are interesting as recording materials, or ferrofluids, or for

colour imaging and bioprocessing.
1. Introduction
Systematic investigations of phase and particle forma-
tion under extreme conditions in an oxyhydrogen
flame [1] for preparation of nanosized powders with
extraordinary properties have focused our attention
on c-Fe

2
O

3
, which is widely used for recording mat-

erials, magnetic fluids and colour pigments. While con-
ventional preparation routes for c-Fe

2
O

3
are rather

complex, usually including many steps, efforts have been
made to establish direct preparation methods [2, 3].

For this purpose, gas phase reactions and the pyro-
lysis of highly dispersed droplets of solutions of
iron(III) compounds seem to be the most promising
approaches to prepare nanoscaled iron oxides.

Generally, the two main preparation routes em-
ployed are:

(a) spray pyrolysis process in a classical sense, based
on the thermal decomposition of an aerosol of metal
salt solutions at relatively low temperatures (usually
500—1000 °C); and
(b) more complex methods typically containing a con-
densation process from the gas phase for the particle
formation.

1.1. Spray pyrolysis
The formation of iron oxide particles by spray pyroly-
*Author to whom correspondence should be addressed.

sis of iron compounds dissolved in organic solvents or

0022—2461 ( 1997 Chapman & Hall
water in combination with further thermal treatment
of the obtained powders is reported by several
authors.

Kato and Tokunaga [4] described the spray pyroly-
sis of an iron(III) nitrate solution at temperatures of
700—1000 °C. A mixture of different iron oxides such
as FeO, c-Fe

2
O

3
and Fe

3
O

4
always resulted, with

mean particle sizes of about 1 lm.
In contrast, Kagawa et al. [5] prepared much smaller

iron oxide particles of about 10 nm, also starting from
iron(III) nitrate solutions by spraying the mist in an
inductively coupled plasma at extremely high tempera-
tures obtaining c-Fe

2
O

3
as the main phase together

with traces of a-Fe
2
O

3
and iron oxohydroxides.

Recently, Gonzàlez-Carren8 o et al. [6], Cabanas
et al. [7] and Morales et al. [8] carried out more
detailed investigations of the synthesis of various iron
oxide phases by means of spray pyrolysis. They used
starting materials such as Fe(NO

3
)
3 · 9H

2
O,

FeCl
3 · 6H

2
O, iron(III) citrate and ammonium

iron(II) citrate [6, 7], varied the solution concentra-
tion and the streaming velocity of the carrier gas and
obtained iron oxide powders of different morpholo-
gies, phase compositions and magnetic properties.
They found that only quite distinct starting com-
pounds and reaction conditions lead to c-Fe

2
O

3
, fre-

quently containing various amounts of hydroxide

phases and a-Fe

2
O

3
impurities.
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1.2. Gas phase reactions
As early as 1926, Wedekind and Albrecht [9] prepared
iron oxides for pigments and polishing materials by
the controlled combustion of Fe(CO)

5
. They observed

the formation of reddish powders, containing a-Fe
2
O

3
and c-Fe

2
O

3
as major phases. Kohlschütter and

Tüscher [10] used another gas-phase reaction for the
synthesis of iron oxides, namely the reaction between
metallic iron and carbon electrodes in a light arc.
Cagliotti and D’Agostino [11] identified the resulting
powder as ferrimagnetic c-Fe

2
O

3
. (Later it was postu-

lated by Haul and Schoon [12] that really pure
c-Fe

2
O

3
is only obtained in a light arc under oxidizing

conditions.) Winkel and Haul [13] systematically
studied the formation of c-Fe

2
O

3
by the combustion

of Fe(CO)
5

aerosols in relation to the particle size and
crystallinity of the resulting powders. In 1949, the
synthesis of black, very fine and uniform magnetic
Fe

3
O

4
by the combustion of liquid Fe(CO)

5
in com-

pressed air at temperatures between 1400 and 1500 °C
was reported in a BASF patent [14].

A very important example for the technical applica-
tion of gas-phase reactions is the so-called Aerosil
process, used for the preparation of nanoscaled, highly
dispersed powders such as SiO

2
, TiO

2
, Al

2
O

3
, ZrO

2
and several iron oxides. The high temperature
hydrolysis of SiCl

4
in an oxyhydrogen flame for the

preparation of highly dispersed silica powders was
first introduced by Klöpfer in 1942 [15]. Later this
method was extended to many other volatile metal
chlorides to get a variety of nanosized, so-called
‘‘fumed oxides’’ [16]. The combustion of metal chlor-
ides for powder preparation has, however, a few disad-
vantages [17]:

1. The powders are usually contaminated with chlor-
ide ions, a fact, which makes these materials unsuit-
able for direct use in ceramics.
2. In most cases, further treatment is necessary to
remove the impurities. Unfortunately, washing or
thermal treatment leads to a loss of the unique mor-
phological properties.
3. It is very difficult to prepare binary or even more
complex oxide compounds, such as doped zirconia,
spinels, perovskites, phosphates etc., using a direct
route.
4. The structure-directing influence of the chloride
ions leads, in the case of iron chloride, to the forma-
tion of b-Fe

2
O

3
[18, 19].

In a previous publication [20], we described the
formation of such oxides by the combustion of com-
plex metal compounds as acetylacetonates, alkoxides,
ethylhexonates or metal organic compounds in a tur-
bulent oxyhydrogen flame.

The use of such raw materials, free of undesirable
elements such as chlorine, sulfur or nitrogen, is an
important prerequisite to avoid the formation of sec-
ondary phases as chlorides or sulfates in the final
products of the combustion process.

From the literature it appears that the formation of
iron oxide phases in a spray pyrolysis process or by
gas phase reactions differs in the resulting end prod-

ucts. Therefore it was interesting to carry out the iron
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oxide formation in an oxyhydrogen flame, starting
from quite different materials, to study its influence on
the particle size and the magnetic properties of the
resulting powders. Thus, the synthesis of c-Fe

2
O

3
from Fe(CO)

5
and iron(III) acetylacetonate in such

a flame pyrolysis process is reported below.

2. Experimental procedure
Different amount of Fe(CO)

5
and iron(III) acetyl-

acetonate were dissolved in toluene and burned under
identical conditions in an oxyhydrogen flame
(¹'2500 K, 5 ml solution/min, pO

2
"0.4 MPa,

pH
2
"0.11 MPa) as described in [1]. A schematic

diagram of the experimental flame reactor is given in
Fig. 1. The fumed powders were collected with the
help of an electrostatic filter (voltage 6 kV, 5 mm elec-
trode distance) and the yield was always about 90%.
The properties of the powders were investigated with
the following methods:

f nitrogen sorption measurements at 77 K after
evacuating the samples at 523 K using an automated
sorptometer; the specific surface area (S

BET
) was deter-

mined by the multi-point Brunauer—Emmett—Teller
(BET) method, the pore volume from the ‘‘Gurvich’’
rule and the nature of the pores by means of the t-plot
and the Pierce method.
f infrared spectroscopy; KBr technique, IR 2000
(Perkin Elmer).
f dynamic light scattering for the determination of
the particle size in water at pH"3; solid content
100 mgdm~3, using the Stokes—Einstein relation,
ELS 800 (Otsuka Electronics).
f X-ray powder diffraction for the determination of
the phase composition and the primary crystal size;
MoKa or CuKa radiation, HZG 4 (Freiberger-
Präzisionsgeräte)
f transmission electron microscopy (TEM; Tesla Inc.)
f measurements of the specific saturation magnetiza-
tion (r

=
, values extrapolated to HPR), relative

saturation remanence (m
3
"M

3
/M

=
) and of the

coercivity (H
#
) by means of a PAR (Princetown Ap-

plied Research) vibrating sample magnetometer
(H

.!9
"1200 kAm~1).

3. Results and discussion
An overview of the solution concentrations and the
most important properties of the obtained powders is
given in Table I.

3.1. Powders prepared from an iron(III)
acetylacetonate solution

The combustion of a 0.3 M solution of iron(III)
acetylacetonate in toluene yielded a red—brown, fer-
rimagnetic powder. The mean particle size, calculated
from the value of the specific surface area
(S

BET
"133 m2 g~1) is about 9 nm. A transmission

electron micrograph of the powder is shown in Fig. 2a.
The particles have a spherical shape, comparable with
powders prepared by spray pyrolysis, but in contrast

to the latter their size is much smaller because of



Figure 1 Schematic diagram of the experimental flame reactor.
a lower degree of aggregation, i.e. the observed objects
are really the primary particles. Despite their very
small size they agglomerate weakly. Their dimensions
on the micrographs agree well with the mean particle
sizes based on BET data. The spherical shape can be
caused either by the fact that the particles passed
a liquid phase as droplets and became solid in the
cooler parts of the flame after burning, comparable
with the formation of a hailstone, or by a condensa-
tion process from the vapour phase, like the formation
of a snowflake.

In case of the condensation mechanism the resulting
powder should be characterized by a higher percent-
age of intraparticular voids in relation to powders,
which have passed a liquid phase. That is why the

estimation of the pore size distribution on the basis of
sorption measurements is a useful tool to make a de-
termination between the occurring mechanism.
A more detailed description is given in Section 3.3.
The X-ray diffraction pattern as well as the i.r. spectra
clearly indicate the existence of c-Fe

2
O

3
in the ob-

tained powders. The powder patterns are distinctly
broadened, caused by the small grain size. To explain
the difference between the values of the mean particle
size based on the multi-point BET data (9 nm) and on
the line broadening of the X-ray pattern with the
Scherrer formula (6 nm), it should be kept in mind that
in the case of X-ray diffraction the average grain sizes
of the samples are considered, whereas the BET-data
and TEM reflects the morphology, i.e. the particle size.

Gonzáles-Carren8 o et al. [6], obtaining monodisper-

sed nanoparticles of a size of 5 nm by spray pyrolysis
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TABLE I Properties of the c-Fe
2
O

3
powders

FPACAC FPCO1 FPCO2 FPCO3

Starting solution
iron compound Fe(acac)

3
Fe(CO)

5
Fe(CO)

5
Fe(CO)

5
iron concentration (mol dm~3) 0.3 0.5 1.8 3.6

Physical properties
S
BET

(m2 g~1) 133 103 85 66
S
T

(m2 g~1) 135 102 83 75
d
BET

(nm) 9 12 14 19
d
XRD

(nm) 6 6 21 28
d
ELS

(nm) 30$15 29$15 32$15 45$20
pore volume (cm3 g~1) 0.35 0.25 0.20 0.20

Magnetic properties
r
=

(e.m.u g~1) 36.6 32.9 52.8 62.8
r
15

[H"15 kOe] (e.m.u g~1) 35.5 31.3 51.5 62.1
remanence M

3
/M

=
0.02 0.04 0.12 0.17

coercivity H
#
(Oe) 6 18 52 80

coercivity H
#
(kA m~1) 0.5 1.4 4.1 6.4

¹hermal properties (DSC onset)
exothermic I A (°C) 150 150 140 —
exothermic I B (°C) 230 245 210 230

exothermic II (°C) 500 460 500 515
Figure 2 Electronmicrographs of ultrafine c-Fe
2
O

3
-powders prepared by flame pyrolysis: (a) FPACAC starting from a 0.3 M solution of

iron(III) acetylacetonate in toluene. (b) FPCO1 starting from a 0.5 M solution of Fe(CO) in toluene. (c) FPCO2 starting from a 1.8 M

5

solution of Fe(CO)
5

in toluene. (d) FPCO3 starting from a 3.6 M solution of Fe(CO)
5

in toluene.
of iron(III) acetylacetonate dissolved in ethanol, dis-
cussed the particle size in terms of an exothermic
oxidation reaction (decomposition) of the particle ag-

gregates, whose shape and size result from the prelimi-

1086
nary aerosol droplets. The formation of pure c-Fe
2
O

3
is in contrast to the results of Kagawa et al. [5], who
prepared iron oxide powders by the spray pyrolysis of

ferric nitrate solutions in an inductively coupled



plasma at extremely high temperatures. By this
method they observed a-Fe

2
O

3
as well as c-Fe

2
O

3
,

discussing the formation of the latter as a low temper-
ature process below 550 °C.

Hence, structure and size of the resulting iron oxide
particles are strongly influenced by the nature of the
starting solution, the droplet size, the temperature and
the retention time during the process. Conventional
spray pyrolysis should yield bigger particles which are
aggregates of smaller primary particles with narrower
size distribution. The size of these aggregates or
agglomerates can be calculated from the size of the
droplets, the concentration of the solution and the
molar weight of the raw materials, keeping the volume
of pore space in mind [21]. The structure of the
resulting iron oxide phase is however predominately
determined by the nature of the starting solution and
by the temperature and retention time during the
process.

A decomposition—condensation mechanism should
be considered, involving a breakage of the FeO—C
bonds followed by a condensation step leading to the
iron oxide structure. This hypothesis was first pro-
posed by Winkel and Haul in 1938 [13], studying
systematically the oxidation of iron pentacarbonyl in
a preheated quartz tube under different oxygen partial
pressure. At oxygen concentrations below 0.1% a
complex mixture of metallic iron and unspecified iron
oxide particles was observed, explained by the forma-
tion of an aerosol of metallic iron which was partially
oxidized to c-Fe

2
O

3
in a succeeding process. The

formation of a-Fe
2
O

3
is prevented by a short reten-

tion time. At 2% oxygen and 900 °C pure c-Fe
2
O

3
was formed, whereas the oxidation with pure oxygen
yielded an amorphous iron oxide.

Higher oxygen pressure apparently suppressed the
formation of an aerosol of metallic iron. Since the
tendency for the crystallization of iron oxide is signifi-
cantly less than that for elemental iron only amorph-
ous iron oxide was formed.

Schrader and Büttner [22] studied the pickle (burn
off) of iron electrodes in an electrical arc in an oxygen
flow. They reported always obtaining a mixture of
different oxide phases with c-Fe

2
O

3
as major phase

accompanied by a-Fe
2
O

3
and e-Fe

2
O

3
. This experi-

ment was a strong clue as to the stability of c-Fe
2
O

3
at

elevated temperatures, even if there is no further sta-
bilization of this phase by impurity traces such as
Fe2 ,̀ alkali ions, carbon or water.

3.2. Powders prepared from iron
pentacarbonyl solutions

Because of the quite different findings in the literature
about phase formation during different combustion
processes we had also burned iron pentacarbonyl in
an oxyhydrogen flame in order to determine if the
formation of c-Fe

2
O

3
was predominately due to the

conditions in the flame or due to the nature and the
properties of the starting materials.

For a comparison with the properties of the pow-
ders prepared from iron(III) acetylacetonate, it was

important to establish a similar iron concentration
(&0.5 M Fe) in the starting solution, limited by the
solubility of iron(III) acetylacetonate in toluene. The
direct combustion of iron pentacarbonyl in air was
already investigated many years ago [14] leading to
the formation of very fine black Fe

3
O

4
. To under-

stand this behaviour the conditions in such a flame
must be considered. As in the flame of a candle, in
which a spontaneous combustion without sufficient
oxygen forms soot, so too, the burning of iron pen-
tacarbonyl in a free flame forms Fe

3
O

4
because of the

lack of oxygen.
Surprisingly, the combustion of a 0.5 M Fe(CO)

5
solution in an oxyhydrogen flame, in contrast to the
spontaneous combustion in air, resulted in the forma-
tion of single-phase c-Fe

2
O

3
, as well. An example is

shown in Fig. 3 (sample FPCO3, measured with
MoKa radiation) and compared with data from the
JCPDS-ICDD-powder diffraction data system (File
39-1346).

The properties of the obtained red—brown powder
(FPCO1 in Table I) agree well with those of the
powders from iron(III) acetylacetonate. The specific
surface area, S

BET
"103 m2 g~1, provides an average

particle size of 12 nm. The transmission electron
micrograph shown in Fig. 2b is very similar to that of
FPACAC (Fig. 2a), showing weakly agglomerated,
spherical primary particles. Hence, the same particle
formation mechanism is likely, regardless of the very
different starting materials. The Winkel and Haul
mechanism seems to be convincing, but it cannot
simply be extended to our experiments. Possibly, the
iron aerosol can, but does not necessarily need to
act as precursor for the formation of c-Fe

2
O

3
in the

flame.
In fact, the formation of such an iron aerosol in an

oxyhydrogen flame is rather unlikely, despite the zero
oxidation state of iron in iron pentacarbonyl. In the
case of iron(III)-acetylacetonate, which also yields
c-Fe

2
O

3
, the probability of the necessary reduction of

Fe3` to Fe0 in a first step followed again by an
oxidation is, because of the very short retention time
in the flame, very low. There should be a specific
correlation between the particle size of the fumed
powders and the iron concentration in the starting
solutions.

Hence, we have studied the high temperature com-
bustion of higher concentrated Fe(CO)

5
solutions (1.8

and 3.6 M). The results are summarized in Table I
(FPCO2 and FPCO3), and the corresponding trans-
mission electron micrographs are given in Fig. 2c and d.
It is clearly seen that a more highly concentrated
starting solution results in a significant increase of the
particle size.

The relationship between iron concentration and
particle size based on the BET data is illustrated in
Fig. 4. The slope of the curve in the investigated
concentration range is almost linear. Two more facts
have to be kept in mind: (i) the particle size is a mean
value; and (ii) the bigger the particles the broader is
the particle size distribution. There is a sharp lower
limit of the distribution at 5 nm, which is the lower
processing limit of the electrostatic filter used for the

powder collection. The particle size distribution is
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Figure 3 The X-ray diffraction pattern of powder FPCO3 (lines), compared with data for pure c-Fe O from literature (JCPDS powder

2 3

diffraction file 39-1346, bars).
Figure 4 Relationship between the particle size of the prepared
c-Fe

2
O

3
-powders derived from BET data (d

BET
) and the iron con-

centration of the starting solutions.

a possible clue to the particle formation mechanism in
the flame.

3.3. Physisorption measurements
In Fig. 5 the adsorption-desorption isotherms to-
gether with the t-plot of the four powders under
investigation are given. The isotherms are always
qualitatively similar, they can be interpreted accord-
ing to the Brunauer classification as a combination of
type IV and type II.

The estimated differences in the amount of adsor-
ped nitrogen arise from the different particle sizes and
different interparticular voids of the powders. It is

striking that in all cases no significant hysteresis be-
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tween adsorption and desorption is detectable, an
indication that adsorption and desorption proceed in
the same manner.

Moreover it can be derived from the shape of the
isotherms that multilayer adsorption and capillary
condensation takes place simultaneously and continu-
ously. The slope of the curves is almost continuous
indicating the absence of micropores and also the
complete lack of a distinguished accumulation of
meso-scaled pores. Furthermore this behaviour is re-
flected in the t-plots and can be interpreted in terms of
very weak aggregation forces between the primary
particles. This is quite remarkable in view of the par-
ticle size and could be caused by the preparation
process. As seen in the electron micrographs, the par-
ticles are nearly spherical without significant surface
roughness.

The estimated values of the specific surface area
derived from the t-plot (S

T
) agree very well with the

values calculated from the BET-theory (Table I).

3.4. Thermal behaviour
Differential scanning calorimetry (DSC) measure-
ments indicate, in all samples under investigation, the
presence of three exothermic effects. The values of the
estimated onset-temperatures are summarized in
Table I. The first DSC peak is really the combination
of two simultaneous thermochemical events (labelled
as ‘‘A’’ and ‘‘B’’, respectively). The first one (‘‘A’’) can
be attributed to the crystallization of small amounts of
amorphous constituents within the ultrafine c-Fe O -
2 3
powders, having their origin in the extremely high



Figure 5 (a) Adsorption—desorption isotherms of the investigated c-Fe
2
O

3
-powders. (b) Calculated t-plots and the specific surface S

T
derived from the nitrogen-sorption measurements of (a). j FPACAC; n FPCO1; d FPCO2; e FPCO3. S values (m2 g~1): FPACAC, 135;
T
FPCO1, 102; FPCO2, 83; FPCO3, 75.
cooling rates after pyrolysis. Peak ‘‘A’’ also occurs
when the DSC measurements had been carried out
under argon atmosphere, whereas peak ‘‘B’’ dis-
appears. Therefore, the second event, ‘‘B’’, could be
interpreted as the oxidation of adsorbates on the
extraordinarily large surface area provided by the
ultrafine powders. Accordingly both effects increase
with decreasing particle sizes, i.e. with increasing spe-
cific surface area of the powders. More information
about the nature of the adsorbed material is obtain-
able by means of i.r. spectroscopy. In Fig. 6 the i.r.
spectra of the described c-Fe

2
O

3
-powders are shown.

First the characteristic Fe-O vibrations are detectable
in the region between 400 and 900 cm~1. The strong
absorption band at 3400 cm~1 together with the band
at 1620 cm~1 indicates the presence of adsorbed H

2
O.

Furthermore some broad absorption bands arise in the
region between 1400—1600 cm~1 and 1000—1200 cm~1,
which are related to the vibration of a C—O-bond.

According to Hair [23] carbonate ions (CO2~
3

) and
CO

2
, which are adsorbed on the surface of a metal

oxide could give rise to such an i.r. absorption be-
tween 1400—1600 cm~1, but it could also result from
the carboxylate groups (CO~

2
) and (HCO~

2
).

Whereas carbonate ions and adsorbed CO
2

are not
oxidizable, the carboxylate groups can be readily oxi-
dized to CO

2
. Since the DSC measurements have

clearly indicated the existence of oxidizable constitu-
ents within the c-Fe

2
O

3
-powders, the absorption

bands between 1530—1600 cm~1 and at 1440 cm~1,

respectively, cannot be attributed only to adsorbed
CO
2
, but rather also to the discussed carboxylate

groups.
This assumption was confirmed by means of mass

spectroscopy, showing a significantly higher propor-
tion of CO` ions in relation to the simple desorption
of CO

2
or to the decomposition of carbonates. A more

detailed description of this experiment is given else-
where [24].

The occurence of oxidizable carboxylate groups at
the surface of the fumed powders could be, despite the
applied excess of oxygen in the oxyhydrogen flame,
explained in the following manner:

The extraordinarily high temperature favours the
formation of Fe2` species within the oxyhydrogen
flame, this, in combination with the high cooling rate
after the combustion process, leads apparently to the
incorporation of Fe2` into the iron oxide.

Additionally the ultrafine powders easily adsorb
CO

2
. Then at the active surface area an electron

transfer takes place from a Fe2` ion to an adsorbed
CO

2
molecule in the following manner

[Fe2`]#MCO
2
N P [Fe3`]#MCO~

2
N (1)

giving at least the discussed carboxylate groups or, in
combination with adsorbed H

2
O, a formiate anion

2[Fe2`]#MCO
2
N#MH

2
ON P 2[Fe3`]#MHCO~

2
N

#MOH~N (2)

Note, that in Equation 2 the electron transfer occurs
simultaneously between four active centres at the sur-

face. Despite the probability for the generation of
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Figure 6 Infrared spectra of the described c-Fe
2
O

3
powders. —— FPCO1; — · — FPCO2; · · · · FPCO3; — — — — FPACAC.
a formiate anion being very low, Equation 2 illustrates
somewhat the nature of the carboxylate species; they
are very reactive and oxidizable at relatively low tem-
peratures, giving rise to the exothermic effect ‘‘B’’ in
the DSC curve between 200 and 250 °C

MCO~
2

N#1
4
O

2
P CO

2
#1

2
[O2~] (3)

That means the adsorbed CO
2

acts as a reservoir for
electrons during the oxidation process of the Fe2`
ions. This assumption agrees well with another experi-
mental finding: heating the different c-Fe

2
O

3
-samples

under argon atmosphere (content of O
2
(10 p.p.m.)

always yields, in the case of powders with smaller
particle sizes (e.g. sample FPACAC), black Fe

3
O

4
at

relatively low temperatures (250—400 °C), whereas
samples with larger particle sizes (e.g. sample FPCO3)
were transformed at the phase transition temperature
to reddish-brown a-Fe

2
O

3
.

The formation of black Fe
3
O

4
was not observed by

heating the same samples in air. In this case all sam-
ples were transformed to a-Fe

2
O

3
, giving the third

exothermic effect in the DSC curves (labelled as
‘‘exothermic II’’ in Table I). The varying reaction
courses of the powders in relation to particle size can
be easily explained on the basis of the discussed car-
boxylate species. If the particle size of the powders is
greater than a certain limit, the amount of reductive
adsorbates (i.e. carboxylate) is not sufficient for the
total reduction of c-Fe

2
O

3
to Fe

3
O

4
in an inert atmos-

phere.
In this case the phase transition to a-Fe

2
O

3
occurs.

If the particle size falls, however, below this limit, the
amount of reductive species on the increased surface

area becomes sufficient for the reduction to Fe

3
O

4
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according to the general equation

96
9

(c!Fe
2
O

3
)#8x (CO~

2
) P

*4+

AFe3`
64
9

[V]
(8
9~x)B

]
(6+

AFe2`
8x

Fe3`
(128

9 ~8x)
[V]

(16
9 ~2x)BO

32~4x

#4x (CO2~
3

)#4xCO
2
C (4)

with 0)x)8
9
.

In the case of a complete reduction (x"8
9
) Equa-

tion 4 becomes

3Fe
2
O

3
#2MCO~

2
N P 2Fe

3
O

4
#MCO2~

3
N#CO

2
C

(5)

Heating the samples in air leads however to an oxida-
tion of the carboxylate species by oxygen according to
Equation 1 at still lower temperature. A more detailed
description of these findings is given elsewhere [24].

3.5. Magnetic properties
c-Fe

2
O

3
for magnetic recording is usually prepared by

transforming FeOOH via a-Fe
2
O

3
and Fe

3
O

4
into

the final product [25]. The desired H
#
values necessary

for the recording process are because of the magnetic
shape anisotropy of acicular particles. Spherical par-
ticles reveal low coercivities corresponding to low
anisotropy fields caused by the cubic spinel structure.

Magnetic particles with sizes in the range of about
100 nm (depending on the material) show stable single
domain behaviour. A size decrease to below a critical
limit leads to significant changes of the magnetic prop-

erties called superparamagnetism, e.g. no remanent



Figure 7 Variation of the magnetic properties in relation to the particle sizes of the ultrafine c-Fe
2
O

3
powders under investigation.
magnetization and no coercivity is observable. The
magnetic properties of the c-Fe

2
O

3
powders in rela-

tion to particle size are plotted in Fig. 7. The specific
saturation magnetization values are lower compared
with those of bulk c-Fe

2
O

3
(&65 e.m.u. g~1 [26]).

The reason could be the influence of magnetic surface
effects, e.g. so-called ‘‘magnetic dead layers’’, well
known from manganese ferrite [27] or hexaferrites
[28] and/or possibly, the fault of the sample mass
caused by adsorbed material as described below.

The decay of the r
=
-curve at low particle sizes is

due to the increasing influence of surface effects corre-
sponding to the S

BET
values. Apart from the influence

of the anisotropy field mentioned above, the low co-
ercivity and remanence values for small particle sizes
are probably caused by the contribution of super-
paramagnetic particles. The mean particle size of all
samples is lower than the critical size for the transition
to superparamagnetism [29]. In solution, the powders
can be deagglomerated down to hydrodynamic dia-
meters of 40 nm obtained from light scattering experi-
ments. The fact, that after more than 24 h the resulting
colloidal solution shows visually no indication for
sedimentation can be interpreted in terms of weak
magnetic interactions between the dispersed particles.
Otherwise, the magnetic attraction should cause
aggregation and, in consequence, sedimentation.

4. Conclusions
From our investigations it appears that the combus-
tion of iron pentacarbonyl and iron(III)-acetylaceton-

ate, respectively, in an oxyhydrogen flame lead always
to c-Fe
2
O

3
. Considering this amazing result together

with the numerous findings in the literature about the
formation of iron oxides through gas phase reactions,
described above [4—13], a more complex hypothesis
for phase formation under such extreme conditions
should be supposed.

1. A strict determination must be made between
particle formation by vapour phase condensation
and particle formation via decomposition of aerosol
droplets. In the latter case the nature of the pre-
cursor immediately influences the phase formation,
whereas in the former one such a correlation does not
exist.
2. Fast condensation of iron oxides from the gaseous
state in an intense temperature gradient at first forms
the simplest package of anions, i.e. the face centred
cubic one, causing the preferred formation of c-
Fe

2
O

3
, independent of the temperature and the oxida-

tion states of the starting material. This agrees well
with similar investigations on aluminas [30] and other
oxide powders. A phenomenological description of
this behaviour is well known as ‘‘Volmers rule’’ [31].
3. The content of Fe2` in the reaction product is
mainly determined because of

(i) the stoichiometric ratio of fuel and oxygen in the
flame. In the case of incomplete combustion (excess of
fuel) the stability of Fe2` is high enough even to yield
magnetite (Fe2`Fe3`

2
O

4
), as described in the BASF

patent [14].
(ii) the temperature of the flame.
(iii) the degree of quenching after burning (reoxi-

dation).
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4. The formation of a-Fe
2
O

3
in the flame is only

possible, if the retention time in the temperature range
above 460 °C is high enough for the phase transition
c-Fe

2
O

3
Pa-Fe

2
O

3
. Since the quenching rate de-

creases with increasing particle size, the formation of
a-Fe

2
O

3
only occurs, if the particles exceed a critical

size.

Additionally to point 2 the formation of c-Fe
2
O

3
can

also be explained on the basis of a structure—chem-
ical/kinetic consideration.

The quite general formula in Equation 4 reflects the
strong structural changes which occur during the
phase transition from c-Fe

2
O

3
to Fe

3
O

4
and vice

versa. Although both phases possess the spinel struc-
ture, the one of c-Fe

2
O

3
is a defect spinel in which the

Fe3` ions together with the resulting vacancies are
randomly distributed among the tetrahedral and oc-
tahedral sites in the following manner (note, that
c-Fe

2
O

3
corresponds to x"0 in Equation 4)

*4+

AFe3`
64
9

[V]
8
9B

*6+

AFe3`
128
9

[V]
16
9 BO

32
(6)

The high degree of disorder is the strong clue as to
explain why c-Fe

2
O

3
is formed during our experi-

ments, independently of the nature of the starting
material. The extremely short retention time in the
oxyhydrogen flame together with the extraordinarly
high cooling rate after burning does not allow any
ordering of the cations among the tetrahedral and
octahedral sites of the spinel structure, as is necessary
for the formation of Fe

3
O

4
, which can be described as

*4+

AFe3`
64
9 B

*6+

AFe2`
64
9

Fe3`
64
9 BO

284
9

(7)

Even if Fe2` ions are formed in the oxyhydrogen
flame due to extremely high temperatures, these were
incorporated into the defect spinel structure and sta-
bilized by adsorbed CO

2
and the described electron

transfer according to Equation 1, giving always c-
Fe

2
O

3
. Therefore in the case of a gas phase reaction

the regime of quenching determines first of all the
resulting iron oxide phase.

f Intense quenching from high temperature favours
the formation of c-Fe

2
O

3
.

f increasing retention time above 460 °C prefers the
phase transition to a-Fe

2
O

3
.

f increasing retention time below 460 °C leads in the
presence of sufficient Fe2` to Fe

3
O

4
.

On the basis of this assumption the frequently de-
scribed occurrence of multiphase iron oxide powder as
a result of a combustion process can be easily inter-
preted in terms of fluctuations in the quenching rate as
well as in the flame temperature during pyrolysis and

in terms of a broad particle size distribution of the
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resulting powders, leading to quite different ‘‘thermal
experiences’’ of the particles on cooling.
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