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Hematite iron ore and waste iron oxide sludge containing about 3-5 wt% Si0; were purified by three types of method de-
veloped on the basis of the Bayer process which 15 known as the purification process of bauxite ore The basic principle
of the developed methods lies m the fact that the impurities contained in the fron exides, such as Si0; and ALQ; are
soluble in the alkaline reagents. Reaction of the raw materials with KOH was done in pressure vessel, at atmospheric
pressure, and by hoth of these two. By the pressure vessel method SiQ. content was reduced to below 0.5 wi% in the
waste iron oxide shudge, while, in iron ore, Si0, remained at 2-3 wi%. The atmosphene pressure reaction rendered the
waste fron oxide sludge 510, content below 0.5 wit% when the reaction temperature increased to above 900°C. The com-
bined methad of two previous methods was the most effective process and rendered the refined iron oxide about 300-400
ppm of Si0. Using some vefined ivon oxides, Baderrite was produced and magnetic properties were measured. The
Inghest quality of magnetic properties obtained in this study were Br=2.09 G, bHe=1.99 KOe, iHe=4.54 KQe. (BH),-=1.06
MGOe. Effect of simtering condition and chemical camposition will be discussed.
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I. Introduction

ecently, the demand for iron oxide as a raw material of

magnetic {errites has increased far heyond the domestic
supply due to the steady growth of the electronics in-
dustries within the country. Regarding the iron oxide as a
raw material for hard fervite, the total domestic production
was about 1,960 tons/month while that of the demand was
about 3,400 tons/month in 1995, The imported iron oxide
filled up the gap. The shertage of iron oxide for hard ferrite
is expected to continue until upcoming several years in
Korea, Consequent upon the current situation, the study on
developing the iron oxide resources has been carried out In
addition this study of recycling the waste iron oxde as a
useful ceramic raw material also has an importance in the
aspect of environmemtal protection.

Major source of the iron oxide is the regeneration
plant of hydrochloric acid pickling liguor™ in the steel in-
dustries. Hol-rolled mill scale” and refined iron ore” alzo
have been applied for the manufacture of hard ferrite.
The impurities in the iron oxide to be refined are mainly
8i0,, Ca0 and AlLO,. The impurties level in the mill
scale is low enough for the hard ferrite. Only the ron ox-
ide particle size and oxidation state are the major powd-
er charcateristics to be controlled for obfaining the re-
quired magnetic properties. On the other hand, iron are
generally contains too high Si0, and AlO, contents to be
used as hard ferrite. Mineral dressing methods for ve-
fimng iron ore include magnetic separation, flotation,

and sedimentation. But the iron oxide refined by the
mineral dressing contains relatively high level of Si0,
and ALQ,, which make the oxide unsunitable for hard fer-
rite manufacturing. However, Narita et al.” have succe-
eded in producing a relatively high purity iron ore con-
taining less than 0.2 wt% Si0, and 0.15 wt% AlLO. by
the mineral dressing method. The refining method con-
sisted of primary grinding, classification, and wet mag-
netic separation and followed by secondary grinding and
clagsification. They obtained the required magnetic pro-
perties of Sr-hard ferrite with the refined iron ore by ad-
justing additives and calcining temperature.

In this study a new type of refining process using al-
kaline reagent will be reported. And the application results
of refined iron exides to hard ferrite will be also discussed.
This method is for refining the iron oxides containing Si0,
and AlQ, as impurities. As raw materials, two types of
won oxides are adopted, ie. hematite iron ore and waste
iron oxide slidge which is heing produced as a hy-product
in a pigment manufacturing factory by 150 tons/month.
These iron oxides contain large amount of 510, which
makes them unguitabie for high quality hard fererite.

The basic principle of the new refining method de-
veloped in this study Hes in the Bayer process which ig a
well known process for refining bauxite of aluminous ore®.
The silica(Si0;) and AlLQ, particles show low solubility in
acid and water but are very soluble in alkaline reagent. In
a similar manner, a glassy phase containing both Si0, and
alkaline oxide as major components becomes very soluble
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in acid and even in water. It is well known mm analytical
chemistry that for a chemical composition analysis of sil-
icate materials, such as glass and clay, these materials
meli in alkaline reagents, e.g. Na,CO; NaOH, and K.CO,,
at ahout 900°C as pretreaiment process”. Then the molten
alkaline-silicates become very soluble in water”.

II. Experimental Procedure

The refining process of iron oxides in this report is a
gimilar process in nature to the one described the in-
troduction. Figure 1 ghows the thermal analysis on the
waste iron oxide sludge discharged after filter pressing
in the pigment manufacturing factory. The filter-pressed
sludge contained non-solid portion less than 20-30% of
the total sludge weight. The non-solid portion was com-
posed of water and an organic substance (C,H,CH;NH,-
Cl50,Na), which was used as chemical interactant for
the pigment manufacturing proesss. On the TG curve
the first sharp drop at upear room temperature cor-
responds to the water evaporation and the second drop
at about 280°C to the evaporation of the organic sub-
stance (C.H,CH.NH,ClS30,Na) remained in the filter-
pressed and disposed sludge. Il appears that, at near
room temperature, the thermal analysis Instrument used
in thig experiment was to a degree imprecise in the in-
dicated temperatures with respect to the actual tem-
perature. In Table 1 is shown the chemical composition
analysis by EPMA (electron probe microanalysis} on the
sludge prefired at 800°C for lhour in air. The analysis
was done on several particles.

The original state of the waste iron oxide sludge was
the cast iron serap powder, which was oxidized during
the pigment manufacturing processes. The Si0, iz in-
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Fig. 1. Thermal analysis of waste iron oxide sludge.

Table 1. Chemical Composition of the Waste Iron Oxide
Sludge by EPMA

Components | Fe,O; 8iC.

MnOi Cal { Na,(

wi% 93-95 2-5 0.2-1

0-0.3 . 0-0.3
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herent in the cast iron source and the Na,0 originates
from the organic substance used for the pigment
manufacturing. The iron oxide sludge fired at 800°C
showed a particle size of about 0.62 ym and 2.62 m%g of
BET.

Based on the Bayer process three types of refining pro-
cess were derived. One of the refining process is shown
in Fig. 2 which 1s the same as the Baver process. The
iron oxide raw material and 10 wt% KOH solution were
mixed ai 1:2 wt. ratio and reacted in a pressure vessel
at below 330°C for 2-3 hours. The pressure vessel had a
dimension of 100 mm dia. x 150 mm height and no stir-
ring system. After the reaction remanent alkaline solu-
tion was filtered gut and the solid matter was rinsed in
water. Figure 3 shows the second type of developed re-
fining process. In this process the mixture of the waste
sludge and 5-10 wt% KOH was reacted at atmospheric
pressure in the temperature range of 100-1000°C for 1-12
hours. The reactant was pulverized and leached in hy-
drochloric or sulfuric acid solution. The purified oxide
was then washed in water. The last type of refining pro-
cess investigated is shown in Fig. 4 which is a combined
type of the twa previously desceribed methods. Firstly,
the mixture of raw material and § wit% KOH was react-
ed at 900°C at atmospheric pressure. Then the reactant
was reacted again in a pressure vessel at below 360°C
and leached using acid solution.

Using some of the refined oxide samples, Ba-hard fer-
riles were prepared. The mixtures of BaCO; and the re-
fined iron oxides with wvarying ratio were calcined at
1070°C  for 1-2 hours. After adding 1.5wi% PVA
(polyviny! alcohol} the calcined powder was isotropically
compacted to discs. The compacts were then fired at the
temerature range of 1180-1220°C for 1 haur. Two types
of sinter-additives" were adopted. In some samples no
additive was used.
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Fig. 2. Purification method by pressure vessel reaction
(Bayer process)
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IIl. Results and Discussion

1. Refining Process

Figure 5 shows the purification results by the method
shown in Fig. 2 (Bayer process). The SiQ. contents at
reaction temperature of 0°C imply 1he initial state of the
raw materials. In this experiment Si0, content was
measured by a wet chemical method, ie. after eva-
poraling a concentrated hydrochloric acid disseolved with
irom oxide at boiling temperature, the weight of the left-
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Fig. 5. Varition of 8i0; contents with reaction conditions fol-
lowing the refining procedure in Fig. 2. (A and B calcined at
100°C and 600°C, respectively)

over (Si(};) was measured In the iron ore the silica level
decreased by only about 50%, from 5.12 wi% to 2.37-3.08
wi%, regardless of the reaction temperature. On the oth-
er hand, the silica content critically depended upon the
firing temperature of the waste sludge before the pres-
sure veseel reaction. At calcination temperature of 600°C
the silica content reduced to 0.40 wt%, while the calcined
sludge at 100°C refined only to about 2.3 wt%. As shown
in Fig. 1, the organic substance contained in the waste
sludge can fully vaporize above 280°C. When the oxide
sludge caleined at 100°C for 12 hours was re-calcined at
600°C for 2 hours in air the weight of the calcined sam-
ple reduced by about 3 wt% which corresponds to the or-
ganic substance evaporation. The organic substance re-
mained in the waste sludge fired at 100°C appeared to
reduce the reactivity of the sample with the alkaline
solution.

In Fig 6 are shown the purification results by the
second type of refining process of Fig. 3. The silica con-
tent in the refined oxide steeply decreased when the reac-
tion temperature increased to aboul 900°C. Above this
temperature the silica content reduced helow 0.5 wt%.
The type of acid solution for the leaching appeared to
have no effect on the purification level. The binary phase
diagram of K,0-8i0,"" providez some clues to the ra-
tionale of the steep decrease of the silica content only at
reaction temperature higher than 900°C. This binary di-
agram shows that glass phases containing both 8i0,; and
K;0 as major components begin to form al above 750°C
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Fig. 6. Effect of reaction temperature on the S5i0; conteni
following the refining procedure in Fig. 3.
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Fig. 7. Effect of pressure vessel reaction temperature on
the 8i0, content following the refining procedure in Fig. 4.

by eutectic reactions. And these glass phases are known
to readily dissolve in acid and even in water. Based on
the binary diagram, in the mixture of KOH and the
waste sludge, KOH is conjectured to form a glass phase

Vol 2, No 3

Table 2. ICP(inductively coupled plasma} Analysis of the
Refined Iron ore with 0.18% wt% Si0, in Fig, 7

components |  Si Na Ca Al K | Mn Fe
wt% pq03| - |o.02es|0.160| ~ |0210]| 995
(refined)
wt% 5120 | 0.589 |0.0790{ 0938 | — |0.110
(raw)

*wet chemical analysis.

Table 3. ICP Analysis of the Refined Iron Oxide Sludge
with 0.27 wt% 510, in Fig. 7

components | 3i Na | Ca Al K| Mn| Fe
wi% - 1p134| - |0.032]0.0056| - |0.810[99.00
(refined)
Wt% 13 500(0.02020.125] 0.020 | - |0.519
{raw)

*wet chemical analysis.

with 8i0, at about 900°C.

The result of purification by ihe combined method of
Fig. 4 is shown in Fig. 7. The Si0; contents at 0°C again
imply the initial state of the raw materials. By this com-
bined method both the iron ore and waste sludge were
more effectively purified than the previous methods. The
silica content was critically affected by the pressure ves-
gel reaction temperature. At the reaction temperature of
290°C, 0.18 wt% and 0.27 wi% of $i0Q; were obtained in
iron ore and waste iron oxide sludge, respectively. In the
waste iron oxide sludge S5i0. content drastically de-
creased to about 300-420 ppms when the reaction tem-
perature increased to above 300°C. However, it is not
clear whether the SiQ, purification level of 300-400 ppms
can be attained by only the pressure vesel reaction by in-
creasing the reaction temperature above 300°C without
the atmospheric pressure reaction. For the waste iron ox-
ide sludge the reaction temperature higher than 300°C
in the pressure veszel was applied only in this combined
type process. For the case of iron cre, by combining the
atmospheric pressure reaction of 300°C and pressure ves-
sel reaction, the 8i0, content could he decreased to be-
low 0.2 wt%, while only with ithe pressure vessel reaction
the Si0, was not effectively refined, as shown in Fig. 5.
Tables 2 and 3 show the ICP{inductively coupled plasma)
analyses on the refined iron ore and waste iron oxide
sludge at the pressure vessel reaction temperature of
290°C. Other impurities, such as AlLO, and CaQ were
also reduced to low level as well as Si0,, as listed in
Tables 2 and 3. Alkaline elements such as Na and K
were not detectable.

2, Application to Hard Ferrite

There are several factors affecting the magnetic pro-
perties of hexagonal ferrites. In an Isotropic hexaferrite
(BaOnFe,0,), high eoercivity He can be obtained al n=5.3-
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Table 4. Magnetic Properties of Ba-ferrite Produced using the Refined Iron Oxide Shudge with 0.48 wt% Si0,

PFOPETY ipon oxide ferrite BH characteristic
APD APD DP DF SH(%)

m m (gm/em™) (gm/em”) Br bHe iHe BH(max)
sample H B G Oe Oe MGQOe
Commercial

iron oxide 0.65 1.16 3.87 4.99 15.15 2450 1840 3300 11.5
refined
waste Fe,0, 1.0 1.62 3.68 4.69 11.10 2070 1150 640 Q.71
_ 13.0
A waste iron
oxide C i
. 97 27 ommercial s
0.27%% Si0; ey B
B ! iron ore l40ppm SIOZ M- waste o oxide, Si0,
(.18% Si0; 120 L E .”fi,‘:‘ir;f"?;c“,’j'“e' S0 G0, B
35 ~C mon ore, 5105, Cag, Byl
r BaCOs 154 Zoust
— 5
Calcination & 1ol
1070°C, 2h g
LT3}
Additive 105
Binder 1 : 0.4265:0;
1% PVA 2 1 0.3%510,, 02%Ca0, ol
B 0.15%26B;0
(ALLAZB1B2) ./
‘ Compacting @-15, t=6.7, 4gm e e e T m
Sunlering temperature, °C
Sintering B-H Fig. 9. Effect of sinterng temperature on the shrinkage of
N Ba-ferrite samples.
1180--12207, 1h Analysis

Fig. 8. Experimental procudure for the preparation of Ba-
ferrite.

5.5, and high remanence Br can be obtained at around n=
5.8. The coercivity Hec depends on the particle size of a
barium hexaferrite powder and generally it shows a max-
imum at about 1 pm size. The sinter additives, such as
8i0,, Ca0, AlLQ,, B,O, and Bi,0, inhibit the excessive
grain growth and give rise to a high sintered density.
The powder characteristics(particle size, shape} and
chemical composition(especially, impurity contents, such
as 8i0;, a0, Al,OQ,) of the raw materials, and sintering
temperature and milling condition are also important fac-
tors to be controlled. Since all of the abave factors are in-
teractive each other, the parameters mentioned above ne-
eds to be properly tuned to obtain optimum magnetic pro-
perties for a given condition.®™"

Firstly, using the iron oxide of 0.48 wt% S8iQ, refined
by the atmospheric pressure reaction method, Ba-ferrite
with BaO/Fe;0,=5.3 mole ratio"™ was prepared. The cal-
cined powder was isotropically compacted to discs of 20

mm dia. and 17 gm of weight. In this case no additive
was used. In Table 4 are summarized the sintering
characteristics and magnetic properties of the prepared
samples sintered at 1200°C for 1 hour and compared to a
commercial product. Magnetic properties of the prepared
ferrites were poor compared to the cormmereial product.
Relatively high Si0, content of the refined iron oxide
powder used for the samples, and the unoptimized sam-
ple preparation conditions, such as sinter-additives and
milling method, can be considered to attribute to these
low magnetic properties.

Secondly, using the refined iron oxides shown in
Tables 2 and 3, four types of Ba-ferrite were prepared fol-
lowing the procedure shown in Fig. 8. The BaO/Fe,0,=5.4
molar ratio was prepared. The calcined ferrite powder
mixed with 1.5% PVA and some additives was iso-
tropically pressed into discs of 4 gm and 15 mm dia. at
1.5 ton. Two types of sinter-additives®® were adopted as
shown in Fig. 8 to produce four types of Ba-ferrite sam-
ples. The dimensional changes and magnetic properties
with sintering conditions are summarized in Fig. 9 and
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Table 5. The shrinkage is an average value on three sam-
ples. Sinter-shrinkage increased continuously with the
temperature. Samples with three components additives,
e.g. 8i0,, Ca0, and B.0,, showed large shrinkage at low
temperatire({1180°C). The samples prepared using the re-
fined waste iron oxide were superior to those of iron ore.
Remanent magnetic flux density Br was about 10-20%
lower than that of the commercial product. Coercive mag-
netic field strength values bHe and iHc were higher than
those of the commercial product. (BH)maxz was about 80-
80% of the commercial product. To improve the magnetic
properties to as the commercial product, more precise ex-
periments need to be carried out. In this experiment, for
instance, the caleined powders were only ball-milled in-
stead of attrition milling which is commonly heing used
for the ferrite production. And the molar ratio of BaO/Fe, 0,
needs to be tuned properly for the refined iron oxides to
an optimum value.

IV. Conclusion

Purification methods of iron oxide were developed bas-
ed on the purificatior process of hauxite are, the Bayer
process. The basic principle of these methods is to dis-
solve the impurities, such as 5i0, ans ALO; in the al-
kaline reagents. Pregsure vessel reaction of waste iron
oxide sludge with KOH solution rendered about 05 wt%
Si0; content, while iron ore was not effectively purified.
Atmospheric pressure reaction of the waste iron oxide
sludge with 5 wi% KOH also resulted in SiO, content be-
low (.5 wt%. The combined method of two previous types
was the most effective method. When the pressure vessel
reaction temperature increased higher than 300°C in the
combined method, Si0, content drastically decreased to
300-400 ppms. However, further work needs to be done
to find out whether the pressure vessel reaction method
itself can reduced the SiQ, content to several hundred
ppms when the reaction temperature increased higher
than 300°C.

Using some refined iron oxides, Ba-ferrites were pro-
duced. Ferrite sample showing the highest quality in this
study was obtained from the refined iron oxide sludge of
0.27 wt% 810, The coercive magnetic field strength values,
bHe and iHe, were higher than those of the high quality
commercial product, while Br and (BH),., were about 90%
of the commercial product. To improve the magnetic pro-
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perties further works to optimize the milling condition and
chemical composition need to be done.
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