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Abstract—Fine particles of barium hexaferrite were prepared from aqueous solutions of iron nitrate, barium nitrate
and potassium hydroxide by utilizing a continuous flow type supercritical water crystallization method. The influence of
stoichiometry (Fe/Ba mole ratio) and alkalinity (R) on the product composition and morphology was studied under
fixed temperature, pressure and residence time. Experiments were performed with varying Fe/Ba mole ratios and alkali
mole ratio (R). Within mole ratio ranges of 0.5<Fe/Ba<5, BaO@Fsingle phase was produced; and as the Fe/Ba
mole ratio increased-FeO, was also formed and its quantity increased with increasing mole ratio. At an Fe/Ba ratio
of 12, stoichiometric mole ratio of BaO-6Bg the only product formed wasFe 0O, fine particles. In the case of
the influence of alkalinity, single phaseFe0, was detected at R of 0.5 and if R exceeded 2, a single phase BaO-
6FeO; was detected. According to the results of the experiment and the study of reaction mechanisms, the formation
of BaO - 6F¢D; proceeds via a hon-stoichiometric reaction and the product composition and morphology can be con-
trolled by adjusting the reaction parameters to obtain optimum conditions for Baif@Eipitate formation.
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INTRODUCTION metal salt aqueous solution can be heated rapidly to the operating
temperature, both hydrolysis and in situ refining of the generated
Barium hexaferrite (BaO-6§®,), which is comprised of hex-  small metal oxide nuclei can occur simultaneously. Thus, high refin-
agonal plate-like particles, has been intensively investigated as Bg rates as well as fast hydrolysis rates can be expected and a flow
high-density perpendicular magnetic recording medium because dfype continuous process can be developed.
its excellent chemical stability with the direction of magnetization  From another point of view, supercritical fluids possess physico-
perpendicular to the plane of the plate. In addition, the advantageshemical properties such as density, viscosity and diffusivity, which
of reproducibility, oxidation or corrosion resistance, high speed pro-are intermediate between those of liquids and gases. The main in-
duction utilizing existing coating facilities, and the fact that the ex- terest in supercritical fluids as reaction media relies on their contin-
isting head medium interface is preserved [Chou et al., 1987; Fujiuously adjustable properties from gas to liquid with small changes
wara, 1985make this particle a very promising high-density re- of pressure and temperature. Also, for the reactions involving ionic
cording medium for next-generation HDTV recording tapes or com-species, the variations of the relative permittivity and ion product
puter-related storage systems. Particles suitable for high-density magfluence both the chemical equilibrium and the evolution of the
netic recording should be ultra fine with a narrow size distribution, transition state. Supercritical water crystallization is based on homo-
with good dispersibility in an organic medium [Ataie et al., 1995; geneous nucleation and large supersaturation and the particle size
Sakai et al., 1992]. is sensitive to decreases with increasing supersaturation. Thus, ad-
Several methods have been proposed to prepare barium hexasting the reaction conditions such as pressure, temperature, and
ferrite fine particles which satisfy these conditions such as glass crysoncentrations of feed materials may lead to the simultaneous con-
tallization [Kubo and Ido, 1982], hydrothermal methods [Sada ettrol of size, crystal structure, and morphology of the particle.
al., 1991] and son. The hydrothermal technique is probably the  This paper describes the preparation and characterization of fine
most attractive one in that it yields an oxide suspension of very fingoarticles of barium hexaferrite by supercritical water crystalliza-
crystalline metal oxides and a variety of different metal oxides havdion. Among the various variables in supercritical water crystalliza-
been synthesized with great success [Wang et al., 1994]. Howevdiopn, the influence of stoichiometry and alkalinity of the feed mate-
this method has poor productivity and the problem of high cost orrials is studied.
a large scale due to a long reaction time and batch-wise synthesis
by means of an autoclave. As a result of studies aimed at overcom- EXPERIMENTAL SECTION
ing these problems, the supercritical water crystallization method
was proposed [Adschiri et al., 1992]. 1. Materials
In supercritical water crystallization, owing to the fact that the Barium nitrate (Ba(Ng),, 98.5%, Junsei Chemical Co., Japan)
and iron(lll) nitrate (Fe(NQy-9H,0, 98%, Showa Chemical Inc.,
To whom correspondence should be addressed. Japan) precursors were used for barium hexaferrite synthesis with-
E-mail: sdopark@kier.re.kr out further purification. Feed solutions were prepared for aqueous
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mixed solutions of barium nitrate and iron nitrate, dissolved in de-temperature controller, and the temperature distribution was uni-
ionized water (Milli-Q plus, Millipore). The concentration of ferric  form within £1°K. Thermocouples and the temperature controller
nitrate was fixed at 0.02 milind barium nitrate concentration was were calibrated by utilizing a signal generator (Model 6500, GLA
varied according to the molar ratio of Fe/Ba. For the purpose of in€lectronica).

vestigating the influence of stoichiometry, the Fe/Ba molar ratio as The volumetric flow rates of the preheated water streams were
defined by Eq. (1) was varied from 0.5 to 12. adjusted to set the residence time in the reactor and between MP2
and MP3 at 80 sec and 6 sec, respectively. Residence time was cal-

Fe/ Bamolar ratio=% @) culated by Eg. (3).
Potassium hydroxide (KOH, 85%, Duksan, Korea) aqueous sol- 1 YR (3)

E

ution was used as the base species for adjusting solution pH. Aque-

ous base solutions were prepared in which the alkali molar ratio wagvhere, F is the total flow rate of solution evaluated at ambient pres-

varied from 0.5 to 6, while the volumetric feed rate was the samesure and temperature and V is the volume of the reactor or volume

as that of the Fe/Ba mixed aqueous solution. The alkali molar ratiaf the tube between MP2 and MP3. Algads the density of sol-

R, the ratio of KOH concentration to total concentration of nitrate ution at experimental pressure and temperaturep.aiscthe sol-

was defined by Eq. (2). ution density at ambient pressure and temperature. The density of
the solution was assumed to be the same as pure water density and

) was taken from steam tables because the concentrations of precur-

S[FE(NQ);] +2[BANCY.] sors were very low. At the outlet of the reactor, rapid cooling uti-
2. Apparatus and Procedure lizing a double-pipe type heat exchanger was performed to prevent
Experimental apparatus and procedures used in this work werthe formation of hydroxide products at around “ta@Product par-

based on the design of Hakuta et al. [1998]. A schematic diagrarticles were collected in a Qbn in-line filter and filtrate was vented

of the supercritical water crystallization apparatus used in this workhrough the back pressure regulator (Model 26-1722-24, TESCOM)

is shown in Fig. 1. The aqueous mixed solution composed of bariumvhich was also used for controlling the pressure of the total sys-

nitrate and ferric nitrate, and the base solution composed of KOHtem.

were fed through the degassing unit (Jour Research, X-ActTM) by8. Characterization

a non-pulsation high-pressure pump (PUS-11, GL Science Co., To- Prepared sample powders were washed with D.l. water several

kyo) at a flow rate of 2 ml/min. These solutions were mixed at thetimes and dried at around & in a drying oven. Afterward, the

mixing point MP1 at 40 MPa and room temperature. The solutioncomposition of synthesized samples was determined by X-ray dif-

was then heated rapidly to 2@ at mixing point MP2 by direct  fraction (XRD, Rigaku, 30 kV-25 mA) by using Cakradiation

mixing with preheated D.l. water fed from another line. After this with a scan rate of6Zmin. Particle size and morphology of the ob-

preheating, the preheated aqueous mixed solution was heated agtiined particles were observed by utilizing scanning electron micro-

to the reaction temperature (4@) at mixing point MP3 by direct  scopy (SEM, Philips, XL-30).

mixing with another preheated water stream. The coil type reactor

was made of high-pressure stainless steel (SUS 316) tube with 1/

4"external diameter and was 6 m long. The temperatures of the mix-

ing point and the reactor were measured by K-type thermocouple$. Reproducibility Test

that were located at each mixing point and at the inlet and outlet Reproducibility tests were performed to confirm the reliability

points of the reactor. The temperatures of the reactor and preheatf the instrument and the experimental procedure used in this work.

ers were kept constant by an external electric furnace with a PIDThe system design consisted of three mixing points. Aqueous mixed

solutions of Fe/Ba and KOH were mixed at MP1 at 40 MPa and
BT E

[KOH]

Alkali molar ratio=

RESULTS AND DISCUSSION

room temperature. At mixing point MP1, hydrolysis reactions of
Fe(NQ); and Ba(NG), occurred and transitions to Fe(Qthd
Ba(OH), proceeded. The temperature of the mixed solution was

Hae &k

aar ||1II'1

pithea e T
IH Faiams i i T I
=1 - elevated to 20%C by direct mixing with preheated water at mix-
1 rarmmne {E EoD G ing point MP2. In an alkali medium, the precipitated Fe(Qd)
| 2 . transformed inta-FeOOH ora-FeO,, or a mixture of the two,

| T . depending on the temperature and residence time [Nam et al., 1999].
Also, precipitation of Ba(OH)ends to be initiated because of the

LY

decrease in solubility owing to the increase in temperature. It is noted
that the formation of agglomerates influences the final product par-
ticle composition and morphology. If the temperature at MP2 ex-

[} i{ H -l_i | ceeded 30fC or the residence time was long enough (about 25 sec),
M s i 4L V end b sy’ hematite -FeO;) as well as BaO-6F®,or just a single phase of
regb B MR o hematite was formed. Becaus€g0; is chemically stable, trans-

Fig. 1. Schematic diagram of apparatus.

lation ofa-Fg0; to BaO-6F€, by reaction with Ba(OHYakes a
long reaction time. So, in order for BaO-£Bdo be produced con-
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tinuously in a short reaction time, the reaction must be carried ou®. Influence of Fe/Ba Molar Ratio
at a temperature below 38D. On the other hand, if the tempera-  In a wet chemical process such as a hydrothermal process or sup-
ture of MP2 was lower than 200, final product particles were  ercritical crystallization for BaO -6, formation, the reaction can
single phase of BaO-6k%, but large particles were produced. There- be written stoichiometrically as Eq. (4).
fore, MP2 temperature and residence time should be determined
with care. TheFi)anuence of MP2 temperature and residence time Ba(OH)+12Fe(OH)~Ba0-6F¢D,+19H0 @)
on the final product compositions and morphology was illustrated However, it is known that reaction of ferric hydroxide with an
in previous work [Kiyama, 1976]. excess stoichiometry of barium hydroxide yields ultra fine particles
At mixing point MP3, the temperature of the solution was ele- of barium hexaferrite, whereas the stoichiometric reaction produces
vated to 400C and solutions were raised to the supercritical watera single phase af-FeO.. Thus, the influence of stoichiometry on
condition by direct mixing with preheated water from another line. the particle compositions and morphology was examined by vary-
At this point, nucleation by chemical bonding betwaefeOOH ing the Fe/Ba molar ratio. For characterizing the influence of sto-
and Ba(OH) dehydration reactions and crystal growth by inclu- ichiometry, the alkali molar ratio was fixed at 4. It was assumed that
sion of nuclei proceeded. In a supercritical water medium, becaustinere was no influence due to alkali molar ratio because the pH of
diffusion coefficients are extremely higher than in a commercialthe outlet effluent in each case was approximately 12.4.
hydrothermal process, dehydration reaction followed by chemical Fig. 3 shows XRD patterns of product synthesized by supercriti-
bonding occur simultaneously. Also, the decrease of the solvatingal water crystallization as a function of Fe/Ba molar ratio. As shown
power decreases the solubility and increases the supersaturatidn.Fig. 3 the particles were proven to be a single phase of BaD,6Fe
Supercritical water crystallization is based on homogeneous nuclen the range of 0.5<Fe/Ba<5, although a trace amour&O,
ation and large supersaturation in a supercritical solvent, which leadsas formed when the Fe/Ba molar ratio was 5. With increasing Fe/
to production of powders consisting of ultra fine particles with a Ba molar ratio, the amount afFgO, phase increases and when
narrow distribution range. the stoichiometric reaction was reached (Fe/Basi2$,0, became
Reproducibility tests were performed four times at same condithe predominant phase at the expense of Ba@gHeg. 3 also
tions of Fe/Ba=2 and alkali mole ratio R=4. Powder X-ray diffrac- depicts that as the Fe/Ba molar ratio increased, an increasing amount
tion pattems showed the formation of single-phase hexagonal platef a-FeO, was produced along with BaO-gBgphase in the mix-
like particles of barium hexaferrite. SEM photographs of the prod-ture. As the Fe/Ba molar ratio reached stoichiometry at 12, a very
uct showed that the products consist of very small particles with nesmall amount of BaO-6§@, in addition toa-FeO, was found in
remarkable size difference and a narrow range size distribution athie obtained product. Sometimes Ba@@s also detected, and this
shown in Fig. 2. Both XRD patterns and SEM photograph con-was probably due to carbonation of excess Ba with atmospheric
firmed the consistency in each case. CQ, in the drying step. However, it could easily be removed by wash-

Fig. 2. SEM photographs to demonstrate reproducibility.
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o BaFer0r produced barium hexaferrite becomingpbat Fe/Ba molar ratio

B Fe, 0, (Hematite) of 5.
, X BaCo, From the XRD and SEM results, it can be seen that both the phase
composition and the particle size of the samples synthesized by sup-
ercritical water crystallization are a strong function of Fe/Ba molar
ratio, whereas the size distribution and particle shape are not. Rea-
sons why the product composition and particle size changes with
variations of Fe/Ba molar ratio can be derived from the reaction
mechanisms and the activity of the Ba compounds. As mentioned
earlier, BaO-6E6, formation is carried out as a result of chemical
bonding and dehydration reaction betwedreOOH and (BaOHl)
By increasing the Ba concentration, not only activity but also reac-

Intensity

tivity of Ba compounds is increased. It is therefore believed that as
©FeBa=12 5 dem a . Lj . . the Fe/Ba molar ratio decreases (i.e., Ba concentration increases),
L S chemical bonding between (BaQthda-FeOOH tends to take
10 20 30 40 50 60 70 80 . .. .
29 place more easily, and the humber of host nuclei increases. The size

of synthesized particles is very sensitive to the degree of supersatu-
ration: the higher the supersaturation, the smaller the particles. Cor-
respondingly, the mean patrticle size decreases with decreasing Fe/
ing with dilute HCI (35%) solution. To illustrate this phenomenon, Ba molar ratio. On the other hand, because reactivity of Ba com-
XRD results without acid washing were used in the case of a Fgbosition decreases as the Fe/Ba molar ratio increases, the forma-
Ba molar ratio of 0.5. tion of a-FgO, by chemical bonding and dehydration betwaen
In the present work, intermediate products such as Bg@-Fe FeOOH occurs predominantly. In that case, Ba compounds may
according to Ataie et al. [1995] or BaO-4.%beas reported by  be present in the neighborhood, but are probably not in a position
Kiyama [1976] were not observed. The cause for this is believedo contribute to the chemical structure.
to be that in the hydrothermal method used by previous research- In the wet chemical method, the dehydration reactiom- of
ers, the solution temperature was raised &C4rin, allowing me- FeOOH to formu-Fe O, at temperatures above 3@occurs very
tastable intermediates to form at various temperatures. But in thguickly. So, since the dehydration reactiorngfeOOH and the
supercritical water crystallization technique used in this work, dra-chemical bonding reaction with the Ba compounds proceed com-
matic heating is achieved by direct mixing between feed materiapetitively, a non-stoichiometric reaction occurs. Such a non-stoichi-
and preheated water. ometric reaction cannot be obtained by other methods such as the
Next, the effect of the molar ratio of Fe/Ba on the mean particleusual ceramic method and the glass crystallization method; there-
size was also investigated. Fig. 4 shows SEM photographs that impffpore, it is a characteristic of liquid phase synthesis.
that the mean patrticle size varies with Fe/Ba molar ratio. For pow3. Influence of Alkali Molar Ratio (R)
der derived at Fe/Ba molar ratio of 0.5, agglomerates of ultra fine The alkali molar ratio was varied from 0.5 to 6 to investigate its
particles, which have only a low crystallinity, are formed, though effect on the phase formation, particle size and size distribution of
the XRD patterns appear to be BaOs65eAt Fe/Ba molar ratio  the product, while the Fe/Ba molar ratio was kept fixed at 2. Fig. 5
of 2, barium hexaferrite crystals with thin hexagonal plate mor-compares the XRD patterns of product synthesized at alkali molar
phology and sizes between 0.1{f8 are formed. Also, the re- ratios of 0.5, 2, 4 and 6, respectively. A single phasefg0,
sult of SEM analysis demonstrates the fact that the particle size innvas detected at the alkali molar ratio of 0.5 that was low concen-
creases with increasing Fe/Ba molar ratio, with the particle size ofration of KOH for substituting the total nitrate to hydroxide. When

Fig. 3. XRD patterns with various Fe/Ba ratios at R=4.

(c)Fe'Ba=35

Fig. 4. SEM micrographs with various Fe/Ba ratios at R=4.
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o BaFe,0,, The alkali molar ratio also affects the particle size and size dis-
B Fe,0 (Hematite) tribution of barium hexaferrite powder. Fig. 6 shows a scanning elec-
tron micrograph with the uniform size of the hexagonal plate-like
particles of barium hexaferrite particles synthesized in various alkali
molar ratios. The mean particle size is shown to decrease with in-
creasing alkali molar ratio, though their crystallinity also decreases.
The powders derived at alkali molar ratio of 2 and 4 consist of hex-
agonal plates of barium hexaferrite that are well dispersed. At an
alkali molar ratio of 6, the barium ferrite particles become less reg-
ular in particle shape and form particle agglomerates. The reasons
why the patrticle size decreases with increasing alkali molar ratio
can also be illustrated from the degree of Ba{@kécipitate for-
mation. Because the solubility of Ba(Qldgcreases with increas-

ing solution pH, the number of Ba(QHlrecipitates in the reactor
increases, so the number of BaO6k-erystal nuclei synthesized
from chemical bonding with-FeOOH also increases and particle
size decreases. Although it is not certain from this work, Ataie et
al. [1995] suggested that surface charge density of barium hydrox-
ide and iron oxide particles and the electrostatic potential between
them, and their tendency to form barium hexaferrite are strong func-
the alkali molar ratio was increased to 2, the only XRD detectabldion of the solution pH [Ataie et al., 1995]. Hence, any change in
phase was BaO-6f&. It also can be seen that alkali molar ratios the surface charge characteristics of the particles is likely to result
of 4 and 6 resulted in the formation of single phase of Bag@@gFe in changes in the phase composition, thermal behavior, particle mor-
The phenomena of composition variation of the final product canphology, particle agglomeration behavior, and magnetic properties
be illustrated by considering the formation of precipitates of Ba(OH) of the samples. From the resullts of the influence of alkalinity study,
Thus, when BaO-6k®, was synthesized from chemical bonding product composition did not vary with alkali molar ratio in the pres-
with a-FeOOH and dehydration Ba(QH$) formed. However when  ence of excess KOH, but the particle size and morphology is a strong
a-Fe O, was synthesized by chemical bonding betveeeOOH function of alkalinity.

and dehydration Ba(Oktvas not formed. This agrees with the re-  Additionally in the present work, it can be shown the difference
sult of general hydrothermal synthesis. In the hydrothermal methodin the particle size and morphology of produadeeO,; is caused
because Ba(OHl)s sufficiently soluble in water, precipitation of by the formation of Ba(OHprecipitates. Fig. 7(a) shows an SEM
Ba(OH), initiates above pH 11. On the other hand, according to Ki- photograph ofi-Fe,O, produced at Fe/Ba=2 and R=0.5, and Fig.
yama [1976], when the alkali molar ratio was 0.8, the pH of the re-7(b) and Fig. 7(c) show-FeO; produced at Fe/Ba=8 and 12 and
sulting suspension became 2.4-2.8, and most of thioRe were R=4, respectively. As mentioned earlier, the former is a case where
precipitated. And after autoclaving, it turned out that pH<11 for Ba(OH) did not precipitate and the latter is a case where Ba(OH)
the suspensions. In this experiment, the pH of the outlet effluenprecipitated but no reaction occurred owing to low reactivity. From
was 3.1. This means that formation of Ba(Qidjes not occur while  the SEM photographs, it can be seen that hexagonal plate type par-
Fe* is completely precipitated at these pH range. When alkali molaticles with relatively larger size were obtained in the case where
ratio exceeds 2, pH of the outlet fluent is extremely elevated to oveBa(OH), was formed, whereas spherical ultra fine particles were
12 and BaO-6K®, can be synthesized as a result of the formationobtained in the case where Ba(@Was not formed. It is believed

of Ba(OHY. that the Ba compound in solution plays a role as an agent for en-

(a)R=0.5

Intensity

Fig. 5. XRD patterns with various R ratio at Fe/Ba=2.

Fig. 6. SEM micrograph with various R ratios at Fe/Ba=2.
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{n) Fe'Ba = 4, (b} Fe'Ba =8, {c) Fe'Ba= 12,
B =105 k=4 R=d

Fig. 7. a-F,0,; morphology changes with synthetic conditions.
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