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The three-phase oxidation of ferrous hydroxide slurry can
produce goethite (a-FeOOH) iron oxide particles suitable for use
in magnetic recording media. Experimental studies show that the
reaction slurries were Newtonian liquids with a viscosities lower
than 0.005 Pa·s at the beginning of the oxidation reaction. The
reactive slurries displayed strong shear-thinning behavior, which
can be fitted to a power law equation at the middle and later
stages of reaction, and these slurries showed no thixotropy but
showed a yield stress at quietus. The rheological behavior of the
reaction slurries was mainly caused by the formation mechanism
of a-FeOOH particles and by the morphology change of the solid
particles. The rheological behavior was strongly affected by
dopants such as MnSO4, MgSO4, and Na2SiO3. The apparent
reaction rate was controlled by the oxygen mass transfer rate,
which was strongly affected by the rheological behavior of the
reactive slurries. ( 1998 Academic Press

INTRODUCTION

Iron oxides are used in a wide variety of applications,
including pigments and magnetic media. In most commer-
cial processes, goethite (a-FeOOH) particles are produced
as an intermediate in the iron oxide preparation (1—4). The
goethite crystals grow in the form of acicular needles about
0.1—1 lm long with an aspect ratio of 5—15. For magnetic
media, the desired product should be of uniform length and
uniform but high aspect ratio. The goethite is then reacted
through a series of gas—solid reactions to form c-Fe

2
O

3
.

The goethite particle morphology is a critical factor in
determining the magnetic properties of the c-Fe

2
O

3
par-

ticles (5).
There are two stages in the formation of goethite under

alkaline conditions (6). In step one, ferrous sulfate (or any
other ferrous salt) is mixed with excess NaOH (or some
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other base such as KOH) so that ferrous hydroxide precipi-
tate immediately forms. The amount of excess NaOH used
is between 15 and 200% above the stoichiometric require-
ments. In step two, an oxygen-containing gas is bubbled
through the slurry to form a-FeOOH particles for control-
ling the synthesis conditions. The mechanisms involved in
the oxidation reaction and crystal growth are very complex
and generally not well understood (7—11). In many examples
of particle formations, the morphology control has been
individually met based on many years of experience (10, 11).
However, if the physicochemical significance of the empiri-
cal method could be elucidated and the mechanism of par-
ticle formation clarified, then a more rational production
process could be designed, instead of relying on empirical
experience. Furthermore, both selection of optical reactor
and optimal determination of operating conditions would
become possible.

Currently, there is little work that has been done on mass
transfer, especially on the rheological behavior of a-FeOOH
particle preparation. As a result, the formation of particles
with the proper characteristics is often difficult in produc-
tion-scale equipment. In this research, the rheological prop-
erties of the a-FeOOH synthesis process of aciculate
ultrafine a-FeOOH particles are investigated, and the rela-
tionship of the rheological properties to the formation
mechanism of a-FeOOH particles is discussed.

EXPERIMENTAL

The starting materials for a-FeOOH synthesis were fer-
rous sulfate (FeSO

4
) 7H

2
O), sodium hydroxide, and de-

ionized water. The synthesis of a-FeOOH particles was
carried out in a 100-dm3 open stirring reactor at 1-atm
pressure. The suspensions of ferrous hydroxide were pre-
pared by adding various amounts of a sodium hydroxide
solution (45 dm3) to a ferrous sulfate solution (45 dm3) with
constant stirring. The initial content of Fe(II) in ferrous
solution was 0.72 mol ) dm~3. The alkali molar ratio, de-
fined by R"[NaOH]

0
/2[FeSO

4
]
0
, was varied from 1.5 to



FIG. 2. Apparent viscosity of the reaction slurry at different reaction
times and different shear rates.
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3.5 (but mainly set at 2.45). After the sodium hydroxide
solution was fed into the stirring reactor, the aqueous solu-
tion was dispersed in air at a prescribed rate Q and stirred at
a suitable temperature ¹ to precipitate aciculate ultrafine
a-FeOOH particles. The air flow rate Q, reaction temper-
ature ¹, and stirring rate n were controlled at 800 dm3 ) h~1,
40°C, and 40 rer )min~1, respectively. Dopants, such as
MnSO

4
, MgSO

4
, and Na

2
SiO

3
, were added to the reaction

slurry at different times. The oxidation reaction was fol-
lowed by sampling a desired amount (100 cm3) of reaction
suspension periodically for determining the rheological
properties, the morphology of the solid particles, and the
concentration of Fe(II) in the reaction slurry.

The ferrous ion content was determined by potassium
dichromate titration after the sample had been dissolved in
phosphonic acid solution. The structure and morphology of
the solid particles in the reaction slurry were examined by
transmission electron microscopy (TEM, H-300). The
rheological behavior of the reactive slurries at different
times was measured with an RFS-II rheogoniometer with
a concentric bob and cup measuring system. Rheological
behavior measusrements were made over a shear rate range
of 0.05—300 s~1 and at temperatures between 20 and 40°C.
The temperature remained constant during an experiment
to within $0.2°C.

RESULTS AND DISCUSSION

Rheological Behavior

Plots of apparent viscosity as a function of shear rate
(20°C) for the slurries at different reaction times are shown
in Fig. 1. The reaction slurries at different times displayed
different rheological behaviors. Over the range of shear
rates studied, the slurries were non-Newtonian, with
FIG. 1. Plots of apparent viscosity as a function of shear rate (20°C)
for the slurries at different reaction times.
shear-thinning behavior at the middle to later reaction
stages, where the reaction slurries showed strong shear-
thinning behavior at low shear rates but less shear-thinning
behavior at high shear rates. The reaction slurries also
displayed less shear-thinning behavior with low viscosity at
the initial reaction stage. It should be noted that the shear
rates in the same commercial stirring reactor vary consider-
ably in different regions. In regions of low shear rate, the
viscosity is high, which leads to a low mass transfer rate.
Whereas in regions of large shear rate, the viscosity is low,
which results in a high mass transfer rate. The difference of
viscosity and mass transfer rate at different regions leads to
a nonuniform reaction rate in the stirring reactor.

Figure 2 shows that the reaction slurry was a Newtonian
liquid with low viscosity before the oxidation reaction be-
gan. The apparent viscosity was less than 0.005 Pa)s at the
initial reaction stage but increased to higher than 0.06 Pa)s
at the middle to later stages when the shear rate was equal
to 150 s~1. The apparent viscosity increased little with reac-
tion time at the middle to later reaction stages.

The apparent viscosities of the slurries at different shear
rates can be fitted to the power law equation g

a
"KcR n~1.

Table 1 shows results from fitting the power law equation.
For a-FeOOH synthesis under alkaline conditions, it was
found that n;1, which indicated also that the reaction
slurries showed strong shear-thinning behavior. Figure 3
shows that the thixotropy of the reaction slurries was not
significant because the hysteresis loops were very small. The
stress overshoot at lower shear rate showed that there exists
a yield stress of the reaction slurries at quietus.

The rheological behavior of the reaction slurries depends
strongly on the formation mechanism of acicurate a-
FeOOH particles and on the morphology change of the
solid particles. The electron micrographs in Fig. 4 illustrate



TABLE 1
Parameters of Power Law for the Reaction Slurry of

a-FeOOH Synthesis

Reaction Transition Correlation
time (min) ratio K n parameter

25 0.16 0.29 0.355 0.999
60 0.35 0.91 0.298 1.000
90 0.46 1.62 0.262 1.000

120 0.50 1.59 0.286 0.998
270 0.75 2.10 0.271 0.999
330 0.86 2.35 0.273 1.000
390 0.96 2.07 0.296 0.999

FIG. 3. Thixotropy of the reaction slurry for pure a-FeOOH synthesis
under alkaline conditions.
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the time evolution of the solid phase aged under standard
conditions. It is obvious from comparison between these
electron micrographs that the initially observed spherical
Fe(OH)

2
particles were gradually replaced by acicular a-

FeOOH particles. The formation of acicular a-FeOOH
particles and the change of solid particle morphology made
the slurries at different reaction times display quite different
FIG. 4. Transmission electron micrographs of the solid particles in the re
(d) 90 min; (e) 180 min; (f) 360 min.
rheological behaviors, especially at low shear rates. Many
studies have indicated that dispersions of acicular particles
have a larger viscosity than those of spherical particles
(12—15). This confirmed that the viscosity and the degree of
action slurry at different reaction times: (a) 0 min; (b) 20 min; (c) 40 min;
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shear-thinning increase rapidly when acicular a-FeOOH
particles are formed at the initial to middle reaction stages.
At a later stage the viscosity and the degree of shear-thinn-
ing increase slowly because the morphology and numerical
concentration of a-FeOOH particles change little with
reaction time.

Effects of Dopants

The rheological behavior changes sharply if dopants such
as MnSO

4
, MgSO

4
, and Na

2
SiO

3
are added to the reaction

slurry. The flow curves are given in Fig. 5. At the middle to
later reaction stage, mainly when the oxidation fraction was
larger than 0.4, the viscosity of the reaction slurries in-
creased notably when MnSO

4
was added before the air was

passed through the reaction slurry. The studies of Li (16)
and Du (17) indicated that, for a-FeOOH particle synthesis
under alkaline conditions, the particle size and aspect ratio
of acicular a-FeOOH particles increased by doping with
Mn2`. The morphology change of a-FeOOH particles in-
creased the particle interaction; as a result the viscosity of
the reaction slurry increased notably at the middle to later
reaction stage. Li (16) and Okada (18) observed that the
particle morphology changed only slightly when MgSO

4
was added to the Fe(OH)

2
suspension; thus the viscosity

and the shear-thinning behavior changed little for the Mg-
doped a-FeOOH particle synthesis process.

The rheological behavior changed sharply and the viscos-
ity decreased greatly with the addition of Na

2
SiO

3
to the

reaction slurry. As shown in Fig. 5, the reaction slurry
displayed different rheological behaviors when different
amounts of Na

2
SiO

3
were added at different reaction times.

The particle size and aspect ratio became smaller on doping
with Na

2
SiO

3
at the initial reaction stage, as had been
FIG. 5. Effects of dopants on the viscosity of the reaction slurry.
observed by Li (16, 19), Scheffer (20), Krause (21), and Schel-
lmann (22). As the particle size and aspect ratio decreased,
the linkages of particles became weaker and were more
easily broken down by shear. Another reason for the change
of rheological behavior is that Na

2
SiO

3
acts as surfactant

for the reaction slurry. Many studies had indicated that
SiO2`

3
was easily adsorbed on the surface of Fe(OH)

2
and

FeOOH particles (19—23). The adsorption of Na
2
SiO

3
de-

creased the interaction of particles, which caused the de-
crease in viscosity. a-FeOOH particle morphology changed
little if Na

2
SiO

3
was added at the middle to later reaction

stages (16, 19), but the viscosity decreased sharply. This
phenomenon was attributed to the adsorption of Na

2
SiO

3
.

For the synthesis of doped a-FeOOH the reaction slurries
showed a strong shear-thinning behavior, with no thixot-
ropy, but yield stress set in when the slurry was stationary,
which was somewhat the same as for the reactive slurry in
the pure a-FeOOH synthesis process. It should be borne in
mind that many kinds of impurities in the raw materials
exist in the particle synthesis. The impurities will affect the
product particle morphology and rheological behavior of
the reaction slurry. As a result, the formation of the particles
with the proper characteristics (e.g., fine needles with a high
aspect ratio and controlled size) is often difficult in produc-
tion-scale equipment; a general quantitative approach to
modeling the particle growth is not currently available.

Mass Transfer Rate

The three-phase oxidation of ferrous hydroxide slurry can
produce goethite (a-FeOOH) iron oxide particles suitable
for use in magnetic recording media. The studies of
O’Connor (11) and Gu (24) showed that the apparent reac-
tion rate for the oxidation of ferrous iron in an Fe(OH)

2
slurry is limited by the rate of mass transfer of oxygen into
the liquid. At high slurry loadings, the mass transfer rate can
change significantly with conversion, implying a change in
viscosity. The time dependence of fractional oxidation of
Fe(II) at different doping conditions is shown in Fig. 6,
where the air flow rate, stirring rate, alkali ratio, and the
initial concentration of Fe(II) were kept constant. As shown
in Fig. 6, the apparent reaction rates of the Mg-doped,
Mn-doped, and pure a-FeOOH particle synthesis process
decreased very sharply at initial stages, while the fractional
oxidation increased linearly with time at the middle to later
reaction stages. This trend of the apparent reaction rate can
contribute to the change of the viscosity of the reactive
slurry. At the initial reaction stage, the viscosity increased
very sharply with the reaction time, whereas at the middle to
later stages, the viscosity changed little with the reaction
time.

For the Si-doped a-FeOOH synthesis process, the cha-
nges of apparent reaction rate showed a different trend
compared to the pure a-FeOOH synthesis process. At the



FIG. 6. Time dependence of fractional conversion of oxidation reac-
tion of Mg-doped, Mn-doped, Si-doped, and pure a-FeOOH particle
synthesis process.
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initial reaction stage the fractional oxidation of Fe(II) in-
creased linearly because the viscosity changed little, whereas
at the later reaction stage, the apparent reaction rate de-
creased greatly because the viscosity increased notably with
reaction time.

CONCLUSION

The reaction slurries displayed different rheological be-
haviors at different conversions. The reaction slurries con-
sitituted a Newtonian liquid with a viscosity lower than
0.005 Pa)s at the initial reaction stage. The reaction slurries
displayed strong shear-thinning behavior which can be fit-
ted to a power law equation at the middle to later stages,
and these slurries exhibited yield stress at the quietus but
without thixotropy. The rheological behavior of the reac-
tion slurries was mainly caused by the formation mecha-
nism of a-FeOOH particles and by the morphology change
of solid particles in the reaction slurries.

The rheological behavior was strongly affected by
dopants added to the reaction slurries. The viscosity in-
creased notably on adding MnSO

4
but changed little on

adding MgSO
4

in the reaction slurries. The viscosity
decreased very sharply by doping with Na

2
SiO

3
; this
phenomenon was attributed to the adsorption on the sur-
face of solid particles and to the decrease of the particle size
and aspect ratio of the a-FeOOH particles.

For the three-phase oxidation of ferrous hydroxide, the
apparent reaction rate was limited by the rate of mass
transfer of oxygen into the liquid. The apparent reaction
rate for the Mg-doped, Mn-doped, and pure a-FeOOH
particle synthesis process decreased with the fractional oxi-
dation at the initial reaction stage but changed little at the
middle to later reaction stages. The apparent reaction rate
displayed a contrary trend if Na

2
SiO

3
was added at the

initial reaction stage.
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