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Abstract-Fine partial es of barium hexaferrite were prepared fronl aqueous solutions of iron nitrate, barium ltitrate 
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 temp~-atare, pressure and residence time. Experiments were peffonned with varying Fe/Ba mole ratios and alkali 
mole ratio (R). Within mole rafio ranges of 0.5<Fe/Ba<5, BaO.6Fe20~ single phase was produced; and as tile Fe/Ba 
mole ratio increased~ c~-Fe20~ was also formed and its quantity increased with increasing mole ratio. At an Fe/Ba ratio 
of 12, stoichiometric mole ratio of BaO.6Fe203, the only product formed was ct-Fe20 ~ fine particles. In the case of 
tile influence of alkalinity, single phase ct-Fe203 was detected at R of 0.5 and if R exceeded 2, a single phase BaO. 
6Fe,O~ was detected. According to the results of the experiment and the study of reaction mechanisms, the formation 
of BaO.6F%O~ proceeds via a non-stoichiometric reaction and the product composition and morphology can be con- 
trolled by adjusting the reaction parameters to obtain optimum conditions for Ba(OH) 2 precipitate formation. 
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INTRODUCTION 

Barium he-cafemte (BaO'6Fe2Ch I, which is comprised of hex- 
agonal plate-like particles, has been intensively investigated as a 
high-density perpendicular magnetic recording medium because of  
its excellent chemical stability with the direction of magnetization 
perpendicular to tile plane of tile plate. In addition, file advantages 
of reproducibility, oxidation or corrosion resistance, high speed pro- 
duction utilizing exismlg crating facilities, and file fact that the ex- 
isting head medium interface is preserved [Chou et al., 1987; Fuji- 
wara, 1985] make this p~-tide a very promising high-density re- 
cc~ding medium for next-gen~-ation HI)TV re(x)rs tapes or com- 
puter-related storage systems. Particles suitable for high-density mag- 
netic recording should be ultra fine with a narrow size distribution, 
with good dispersibility in an organic medium [Ataie et al., 1995; 
Sakai et al., 1992]. 

Several meth~Js have been proposed to prepare l ~ i u n  hexa- 
ferrite fine particles which satisfy these conditions such as glass crys- 
tallization [Kubo and Ido, 1 982], hydrothermal methods [Sada et 
al., 1991 ] and so Oll Tile hydroffiennal tect~tique is probably file 
most attractive one in that it yields an ovdde suspension of very fme 
crystalline m~al oxides and a variety of different metal ovddes have 
been synthesized with great success [~Vang et al., 1994]. However, 
this method has poor prodiictivity and the problem of high cost on 
a large scale due to a long reaction lime and batch-wise synthesis 
by means of an autoclave. As a result of studies aimed at overcom- 
ing these problems, the supercritical water crystallization methed 
was proposed [Adsctm-i et al., 1992]. 

In superclitical water crystallizatioi~ owing to file fact that file 
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m~al salt aqueous solution can be heated rapidly to the operating 
tempem~Jre, both hydrolysis and in situ refining of the generated 
small m~al oxide nuclei can occur simultaneously. Thus, high refin- 
ing rates as well as fast hy&olysis rates can be expected and a flow 
type continuous process can be developed. 

From another point of view, supercritical fluids possess physico- 
chemical properties such o~s density, viscosity and ditS~sivity, which 
are intermediate between those of liquids and gases. The main in- 
retest in superciitical fluids as reaction media relies on their contin- 
uously adjustable properties from gas to liquid with small changes 
of pressure and temper~re. Also, for the reactions involving ionic 
species, tile variations of file relative pemlittivity and ion product 
influence both the chemical equilibrium and the evolution of the 
transition state. Supercritical water crystallization is ~sed  on homo- 
geneous nucleation and large supers~uvation and file particle size 
is sensitive to decreases with increasing supersaturation. Thus, ad- 
jus~ig file reaction conditions such as pressure, telnpevature, and 
concentrations of feed materials may lead to the simultaneous con- 
trol of size, crystal structure, and morphology of the particle. 

This paper describes file preparation and characterization of fine 
particles of barium hexaferrite by supercritical water crystalliza- 
tion. Among the various variables in supercritical water crystalliza- 
tion, the influence of stoichiometry and alkalinity of the feed mate- 
rials is studied. 

EXPERIMENTAL SECTION 

1. Materials 
Barium nitrate (BatNOz)2, 98.5%, Junsei Chenlical Co., Japan) 

and iron(IllI hi]a-ate (Fe(NCh 1~.9H,O, 98%, Showa Chenlical Inc., 
Japan) prectrsors were used for baiium hexafemte syINiesis with- 
out fl~her purificatiorL Feed solutions were prepared for aqueous 
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mixed solutions of badm nitrate and h-on nilrate, dissolved in de- 
ionized water (Milli-Q plus. Millipore). The concentration of  f~ric 
nilrate was fixed at 0.02tool//and barium n~ate concentration was 
varied according to the molar ratio of FelBa For the purpose of in- 
vestigating the influence of stoichiomelry, the FelBa molar ratio as 
defined by Eq. (1) was weried from 0.5 to 12. 

[Fe(NO~ h ] 
Fe,'~a molar ratio - (1) 

[Ba(NO~ )~ ] 

Potassium hydroxide (KOFL 85%, Duksan, Korea) aqueous sol- 
ution was used as the base spedes for a~usfi~ solution pFL Aque- 
ous 12ose solutions were prepa-ed in xaahich the alkali molar ratio xaras 
varied fi-orn 0.5 to 6, while the volumetric feed rate was the same 
as that of the Fe/Ba mixed aqueous solution. The alkali molar ratio 
R, the ratio o fKOH concentrotion to total concentrmion of nitrate 
was defined by Eq. (2). 

Alkali molar ratio = [KOH] (2) 
3 [Fe(NO~)~] +2[Ba(NO~L,] 

2iApparatus  mid Procedure 
Experimental apparatus and procedures used in this work were 

based on the design ofHakuta et al. [1998]. A schematic diagran 
of the supercritical water crystallization apparatus used in this work 
is shown in Fig. 1. The aqueous mixed solution composed ofberium 
niWate and ferric nitrate, and the base solution composed of KOH, 
were fed through the degassing unit (Jour Research, XIActTM) by 
anon-pulsation high-wessure pump (PUS-11, GL Science Co., To- 
kyo ) at a flow rate of  2 mFmin. These solutions were mixed at the 
mixing point MP1 at 40 MPa and morn tempermtre. The solution 
was then heated rapidly to 200 ~ at mixing point MP2 by direct 
mixing vr preheated D.I. water fed fixma another line After this 
preheating, the preheated ~queous mixed solution was heated again 
to the reaction temperature (400 ~ at mixing point MP3 by direct 
mixing with another preheated water stream. The coil type reactor 
was made of  high-pressure s~Jnless steel (SUS 316) tube ~ 1/ 
4"extenml diameter and was 6 m long. The temperatures of  the mix- 
hag point and the reactor were measured by K-type thennocouples 
that were located at each mixing point and at the inlet and outlet 
points of the reactor. The temperatures of the reactor and preheat- 
ers were kept constant by an external eleclric furnace with a PID 
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temperature controller, and the temperature disWibution was uni- 
form within +1 ~ Thennocouples and the tempwature conlroller 
were calibrated by utilizing a signal generator (Model 6500, GLA 
electronica). 

The volumelric flow rmes of the preheated water m'enrns were 
adjusted to set the residence time ha the reactor and between MP2 
andMP3 at 80 see and 6 see, respectively. Residence time was cal- 
enlated by Eq. (3). 

= X . P  13) 
R Pr 

Where, F is the total flow rate of solution evaluated at ambient pres- 
sure and temperatare andV is the volume of the reactor or volume 
of the tube between MP2 and MP3. Also, p is the densh3r of  sol- 
ution at ~pefimental pressure and temperature, and Pr is the sol- 
ution density at ambient pressure and temperaure. The d~sity of 
the solution was assaaned to be the same as pure water density and 
was taken fi~om steam tables because the concentrations of  precur- 
sors were very low. At the outlet of the reactor, rapid cooling uti- 
lizing a double-pipe type heat exchanger was performed to prevent 
the formation ofhy~oxide products at aronnd 150 ~ Product par- 
ticles were collected in a 0.5 pm in-line fdter and fi~'ate was vented 
through the back pressure regulator (Model N-1 ~2-2A, TESCOM) 
xahich was also used for conlrolling the pressure of  the total sys- 
tem. 
3. Charactedzmion 

Prepared smlple powders w~e washed with D.I. water several 
times and dried at around 60 ~ in a drying oven. Atterward, the 
composition of synthesized samples was determined by X-ray cff- 
fiaaion (X_q~_D, Rigaku, 30 kV-25 mA) by using CuKc~ radiation 
with a scan rate of 20/rnin. Pwtide size and morphology of  the ob- 
tained particles were observed by utilizing scatming electron micro- 
scopy (SEM, Philips, N7~-30). 

RESULTS AND DISCUSSION 

1. Reproducibility Test 
Reproducibility tests were performed to confirm the reliability 

of the instrument and the ex-'perimental proce~re used ha this work. 
The system design consisted of three mixing points. Aqueous mixed 
solutions of Fe/Ba and KOH were mixed at MP1 at 40MPa and 
room temperature. At mixing point MP1, hydrolysis reactions of 
Fe(NO3)3 and Ba(NO3h occurred and transitions to FeiOH}3 and 
Ba(OHh proceeded` The temperature of  the mixed solution was 
elevated to D0 ~ by direct mixing with preheated urater at mix- 
hag point MP2. In an alkali medium, the precipitated Fe(OH~ is 
transformed into ~-FeOOH or c6-Fe,O> or a mixture of  the two, 
~ d i n g  on the temp~x'amre and residence time ['Nam et al., 1999]. 
Also, precipitation of  Ba(OH~ tends to be initiated because of  the 
decrease in solubility owing to the increase in temperature. It is noted 
that the formation of ag~;lomerates influences the final product par- 
ticle composition and morphology. I f  the temperature at MP2 ex- 
oeeded 300 ~ or the residence time was long enongh (about 25 see), 
hematite (cz-F%O~) as well as Bg3.6F%O~ or just a single phase of 
hematite was formed. Becanse cr Q is chanieally stable, lrans- 
lation ofa-Fe,O3 to Bg3.6Fe~Q by reaction xa~h Ba(OHh takes a 
long reaction time. So, in order for BaO-6Fe~O3 to be produced con- 
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tinuously in a short reaction time, the reaction must be ca-fled out 
at a temperature below 300 ~ On the other hand. if the tempera- 
rare of MP2 was lower than 200 ~ final product particles were 
single phase of BK)-6Fe~3, but large pattMes were proJacec[ There- 
fore, MP2 temperature and residence time should be determined 
with care. The influence of  MP2 temperature and residence time 
on the final product compositions and morphology was illusWated 
in previous work [Kiyama, 1976]. 

At mixing point MP3, the temperature of the solution was ele- 
rated to 400 ~ and solutions were raised to the supercritical water 
condition by direct mixing with preheated water ~ o n  another line. 
At this point, nucleation by chemical bonding between ~FeOOH 
and Ba(OHh, dehy&ation reactions and crystal grouth by inclu- 
sion of nuclei proceeded. In a supereritical water medhm, because 
diffusion coefficients are exWemely higher than in a commercial 
hydrothennal process, dehydmlion reaction followed by chemical 
bonding occur simultaneously. Also, the decrease of the solvating 
power decreases the solubility and increases the supersanwation. 
Superffitical water crystallization is based on homogeneous nude- 
Non md large supersaturation in a superaJfical solvent, which le~:ls 
to production of powders consisting of u~ra free particles w~h a 
narrow distribution range. 

Reproducibility tests were performed four times at same condi- 
tions of Fe/Ba=2 and alkali mole ratio R=4. Powder X-my diffrac- 
tion patterns showed the formation of single-phase hexagonal plate- 
like particles ofbwhan hexaferrite. SEM photographs of the prod- 
uct showed that the products consist of very small particles w~h no 
remakable size difference md a narrow range size distribution as 
shown in Fig. 2. Both ~ patterns and SEM photograph con- 
fnmed the consistency in each case. 

2. Influence of Fe/Ba Molar Ratio 
in awet chemical process such as ahyd-othesmal process or sup- 

ereritical crystallization for B~'6Fe~O3 fonnatian, the reaction can 
be written stoichiometrically as Eq. (4). 

Ba(OHh + 12Fe(OH~, �9 B aO-6F~O3+ 19H, O (4) 

However, it is l~own that reaction o f  ferric hy~nxide with an 
excess stoichiomelry of barium hy~oxide yields ultra free particles 
of barium hexfferrite, whereas the stoicbiomaric reaction produces 
a single phase of ~-Fe, O3. Thus, the imquence o f  stoichiometry on 
the particle compositions and morphology was examined by vary- 
ing the Fe[Ba molar ratio. For characterizing the influence of  sto- 
ichiometry, the alkali molar rmio was fL~:e d at 4. It was assumed that 
there was no influence due to alkali molar ratio because the pH of 
the outlet effluent in each case was approximately 12.4. 

Fig. 3 shows X~U) patterns of  product synthesized by supercrifi- 
cal water crystallization as afimction of FeJBamolar ratio. As shown 
in Fig. 3 the particles were Iloven to be a single phase ofBaO" 6Fe,O3 
in the range of 0.3<Fe/Ba<5, although atrace amount ofc~-Fe203 
was fomled when the Fe/Bamolas ratio was 5. With increasing Fe/ 
Ba molar ratio, the amount of  ~Fe,O3 phase increases and when 
the stoicbiomelric reaction was reached (Fe/Ba = 121, ~Fe ,O3 became 
the predominant phase at the eNoense of B~)-6Fe203. Fig. 3 also 
depicts that asthe Fe;Ba molar matio increased, an increasing amount 
of c6-Fe203 was produced along with BK).6Fe~O3 phase in the mk-  
ture. As the Fe/Bamokr ratio reached stoichiometry at 12, a very 
small amount ofBaO'6Fe~O3 in add~ion to (z-Fe~O3 was found in 
the obtained product Sometimes BaCO3 was also detected, and this 
was probably due to carbonation of excess Ba with atmospheric 
CO, in the drying step. However, it could easily be removed by wash- 

Fig. 2. SENI photographs to demonstrate reproducibility. 
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Fig, 3. XRD patm'ns w~h  various FefBa ratios at R=4. 

hag with dilute HC1 (35%1 solution. To illustrate this phenomenon, 
results without add waahing were used in the case of  aFe/ 

BamoMr ratio of  0.5. 
In the present work, intennediate products such as BaO'Fe,O3 

according to Ataie et al. [1995] or BaO'4.5Fe,O3 as reported by 
Kiyana [1976] were not observed. The cause for this is believed 
to be that in the hydrothetmal method used by previous research- 
ers. the solution temperature was raised at 4-5 ~ allowing me- 
tmtable intermediates to form at various temperatures. But in the 
supercritical water crystallization technique used in this work, r 
matic heating is achieved by direct mixing between feed material 
and preheated water. 

Next, the effect of the molar ratio of Fe/Ba on the mean pa-tide 
size was also investigated. Fig. 4 shows SEM photogaphs that imply 
that the mean particle size varies with Fe/Ba molar ratio. For pow- 
der derived at Fe53a molar ratio of 0.5, agglomerates o f u b a f m e  
particles, uahich have only a low crystallinity, are formed, though 
the ~ pattems appear to be BaO'6Fe203. At Fe/Ba molar ratio 
of 2, b a l m  hecaferrite crystals with thin hexagonal plate mor- 
phology and sizes betueen 0.1-0.2 pm are formed. Also, the re- 
sult o f  SEM analysis demonstraes the fact that the particle size in- 
creases with increasing Fe/I3a molar ratio, u~h the particle size of 

pro~ced batmrn hecaferrite becoming 0.5 prn at Fe53amolar rmio 
of 5. 

From the ,X]~D and SEM resuk~ it can be seen that beth the phase 
composition andthe particle size of the sanples synthesized by sup- 
ercritical water crystallization are a strong function of Feq3a molar 
ratio, ~ereas  the size dislribution and partide 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. 6Fe, Q formation is carried out as a result of  chemical 
bonding and dehyck'afion reaction between ~-FeOOH and (B~S)Hh. 
By increasing the Baconcentration, not only activity but also reac- 
tivity o f  Ba compounds is increased. It is therefore believed that as 
the FedBa molar ratio decreases (i.e., Ba concentration increases ), 
chemical bonding bOween (BaOHh and c6-FeOOH tmds to take 
place more easily, md the number of host nuclei increases. The size 
of synthesized p~ ides  is very sensitive to the degree of  supers~u- 
ration: the higher the supersaturation, the smaller the particles. Cor- 
respondingly, the mean particle size decreases with decreasing Fe/ 
Ba molas ratio. On the other hand, because reactivity of  Ba com- 
position decreases as the Fe/Ba molar ratio increases, the forma- 
tion of ~-Fe,O3 by chemical bonding and d e h y d r a t i o n  between 
FeOOH occurs predominantly. In that case, Ba compounds may 
be present in the neighborhood, but are probably not in a position 
to contribute to the chemical structure. 

In the wet chemical method, the dehydration reaction of  
FeOOH to form c~-F~O3 at temperatures above 300 ~ occurs very 
quickly. So, since the dehydration reaction ofcc-FeOOH and the 
chemical bonding reaction wkh the Ba compounds proceed com- 
petitively, a non-stoichiometric reaction occurs. Such a non-stoichi- 
ometric reaction cannot be oblained by other methods such as the 
usual ceramic method and the glass crystallization method: there- 
fore, ~ is a chwacteristic of  liquid phase synthesis. 
3. Influence of  Alkali Molar  Ratio (R) 

The alkali molar ratio was varied ~om 0.5 to 6 to investigate its 
effect on the phase formation, particle size and size dislribufion of 
the product, ,zahile the Fe/Bamolar ratio was kept fLxed at 2. Fig. 5 
compares the XqtD patterns of  product synthesized at alkali molar 
ratios of 0.5, 2, 4 and 6, respectively. A single Ifiase of  c~-Fe203 
was detected at the alkali molar ratio of 0.5 that was low concen- 
tration of  KOH for substituting the total n~-ate to hyffoxide. When 

, r  I~'~ F'u I'~J, ,, 

Fig. 4. SEM micrographs with various FCBa ratios ~t R=4.  
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Fig, 5. X R D  patterns with various R r ~ o  m FcfBa=2. 

the agzali molar ratio was increased to 2, the only ~ detectable 
phase was BaO-6Fe20> It also can be seen that alkali molar ratios 
of 4 and 6 resulted in the fonnation of single phase ofBaO. 6Fe20~ 
The phenomena of mmposifion variation of the final product can 
be illuslmted by considering the fonnatian of precipitates of Ba(OHb 
Thus, when BaO-6Fe2Oz was synthesized fi~m chemical bonding 
with cc-FeOOH and dehycb'ation Ba[OHh is fonned. However when 
cc-Fe203 was syrflaesizedby chemical bonding b~ween c~-FeOOH 
and dehydration Ba(OH)2 was not formed. This agrees with the re- 
sul~ ofgmeral hydrothemlal synthesis In the hydrothennal method. 
because Ba(OH)2 is mtticiently soluble in water, precipitation of 
Ba(OHh initiates above pH 11. On the other hand, according to Ki- 
yama [1976], when the alkali molar ratio was 0.8, the pH of the re- 
sulting suspension became 2.4-2.8, and most of  the Fe > ions were 
precipitated. And after antodaving, it turned out that p H < l l  for 
the suspensions In this eq~erimenL the pH of the outlet effluent 
was 3.1. This meres that fonnation ofBa[OH) + does not occur while 
Fe 3+ is completely precipitated at these pH range. When agzali molar 
ratio exceeds 2, pH of the outlet fluent is em'maely elev~ed to over 
12 and BaO. 6F%O 3 can be synthesized as aresult of  the formation 
of  Ba(OH) +. 

The alkali molar ratio also affects the particle size and size dis- 
Iribution of barium h e x a f ~ e  ~wd~ .  Fig 6 shows ascanning dec- 
tron microgt~h with the uniform size of the hexagonal plate-like 
particles of  barium hexaf~r~e particles synthesized in various a~ali 
molar ratios. The mean particle size is shown to decrease with in- 
creating alkali molar ratio, though the~" crystallinity also decreases. 
The powders derived at alkali molar ratio of 2 and4 consist of  hex- 
agonal plates of  b a l m  hexaferrite that are well dispersed At an 
alibi  molar ratio of 6. the barium ferfite particles become less reg- 
ubr in pa-tide shape and form particle agglomerates. The reasons 
v&y the particle size decreases w~h increasing alkali molar ratio 
can also be illusWated fi-om the degree of Ba(OHh precipitate for- 
maion. Because the solubility of Ba(OHh decreases w~h increas- 
ing solution pH. the number ofBa(OHh predpitates in the reactor 
increases, so the number of  BaO'6Fe203 crystal nuclei synthesized 
fiom chemical bonding with cc-FeOOH also increases and particle 
size decreases. ANlough it is not certain f irm this w~k,  Ataie et 
al. [1995] suggested that surface charge density of barium hy(~ox- 
ide and kon oxide pwtides md the electrostatic potential between 
them, and their tendency to form barium hex~errite are m-rag func- 
tion of the solution pH [Alaie et aL, 1995]. Hence, any change in 
the surface charge characteristics of  the particles is likely to result 
in chmges in the phase canposition, thermal behavior, particle mor- 
phology, particle agglomffation behavior, and magnetic properties 
of the sanples. From the remits of  the influence of alkalinity study, 
prMua composition did not vary w~h alkali molar ratio in the pres- 
ence of excess KOH, lint the ~ l i d e  size md morphology is a strong 
function of  alkalinity. 

Additionally in the present work, it can be shown the difference 
in the pmicle size and morphology of produced c~-Fe~3 is caused 
by the formation of  Ba(OHh precipitates Fig. 7(aj shows an. S t~ i  
photograph ofc~-Fe203 produced at Fe/Ba=2 and R=0.5, and Fig. 
7(b) and Fig. 7(c) show cc-F~O3 produced at Fe/Ba=8 and 12 md 
R=4, respectively. As mentioned earlier, file former is a case where 
Ba(OHE did not precipitate and the latter is a case where Ba(OH h 
precipitated but no reaction occurred outing to low reactivity. From 
the SEM photographs, it can be seen that hexagonal plate type par- 
tMes with relatively larger size were obtained in the case where 
Ba(OHh was formed, whereas spherical ullra free particles were 
obtained in the case where Ba(OH~ was not formed` It is believed 
tha the Ba compound in solution plays a role as an agent for en- 

~;.~3 R : 

Fig. 6. SEM micrograph with various R ratios m FefBa=2. 
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hancing crystal growth and controls the favorable growth of a par- 
titular crystal face�9 

CONCLUSION 

The influence of stoichiometry and alkalitfity on the composi- 
tion and morphology of barium hexafemte particles synthesized 
by the supercritical water crystallization method were studied. In 
tiffs prepm-afic~l technique, fine t:articles with narrow size distribu- 
tion can be easily obtained. Ft~hermore, it can be shown that non- 
stoichiometric substitution can be aRained Composition and mor- 
phology of produced particles are strong functions of boti1 Fe/Ba 
molar ratio and alkalinity. Particle size decreases with decreasing 
Fe/Ba molar ratio, and with mcreasmg alkali molar ratio. Tt~ is 
probably because of the influence of supersaturation followed by 
an increase in nuclei formation owing to the degree of BaIOH I_, pre- 
cipitafioIx Thus, it is concluded fllat the product composition and 
morphology can be controlled by adjusting the reaction conditions 
to obtain optimum conditions of BaIOH ~ precipitate formatiort 
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NOMENCLATURE 

F 
Fe/Ba 
R 
V 

�9 flow rate [cm%ec] 
: molar ratio of fenic nitrate to barium nitrate 
: alkali molar ratio 
�9 reactor volume [cm ~] 

Greek Letters 
p �9 density of water m reactor [g/c~l ~] 
"e : residence time [sec] 
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