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Abstract: Oxidization mechanism in CaO-FeQ.-SiO2 slag with high iron content was investigated by blowing oxy-

gen into molten slag so as to oxidize Fe( II). The relationship between Fe( II) content and oxidizing time at different

temperatures was obtained by chemical analysis. Microstructure of slag was observed by metallographic microscope

and SEM. Phases compositions were ascertained by EDXS and XRD. Grain size and crystallizing quantity of magne-

tite( Fe; O4) were determined by image analyzer. T he oxidizing kinetic equations were deduced. Confirmed by graph-

ical construction method, Fe( II) oxidizing reaction in CaO-FeO.-SiO:2 slag system is of first order, and the reaction

apparent energy E. is 296. 67 k]J/ mol in the pure oxygen and 340. 30 kJ/ mol in air. The enrichment and crystal

growth mechanism of magnetite( Fes O4) phases were investigated. In oxidizing process, content of fayalite declines,

while that of magnetite( Fe;04) increases, and iron resources enrich into magnetite( Fes 04) phase. All these provide

a theoretical base for compressive utilizing of those slags.
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1 INTRODUCTION

Ca0-Fe0.-Si02 slag system with high iron
content plays important roles in various fields of
metallurgy, and attracts more and more attentions
with its gradually broader applications. Yazawa et
al'"? gave the oxygenate potential diagram in
1970s. Kaiura et al'’ used a rotating cylinder
viscosity-meter to measure the viscosity at constant
oxygen potentials. Some authors concluded that
increasing Fe203/FeO ratio and p(02) slightly de
creases the viscosity of this slag'*™®. Kongoli et
al'” confirmed that the increase of the viscosity at
high oxygen potentials results from magnetite pre-
cipitation. Goel et al'*'" assessed the Fe-0-SiO»
system, describing the liquid phase as a solution of
the components of Fe, FeO, FeOs2 and SiO2 by u-
sing binary interaction among all of them and
mathematical description of the thermodynamic
properties of the system. The effects of CaO,
ALO3 and MgO addition to silica saturated iron-
silicate slag on copper solubility, Fe’* /Fe™ ratio
of the slag and the behavior of minor elements
were investigated by Kim and Sohn!"'. Ma
tousek!” analyzed the phase transformation in
Fe0.-Si0> system. LI et al'™ investigated the sur-
face reaction between melting iron oxidation and
CO-CO:2 in both oxidization and reduction direc
tions with TGA. However, research on the oxidiz

ation mechanism in CaO-Fe0.-SiO2 slag with high
iron content, especially the kinetics of those reac
tions, is rarely seen and there are still lots of ambi-
guity about phase transformation regularity in this
slag system.

Based on the research above, the regularity of
the phase transformation and the oxidizing kinetic
equations of iron in the oxidizing process were
studied in this work. Enrichment and ecrystal
growth mechanism of magnetite ( FesO4) phases
were investigated, which provided a fundamental
for compressive utilization of those slags.

2 EXPERIMENTAL

Synthetic slag was made by mixing chemically
pure powders of iron, hematite, silica and calcium
oxide in alumina crucible, heating in argon to 1380
‘C and holding at this temperature for 1 h. The
crucible was taken out of furnace and the molten
slag was immediately poured into water for rapid
solidification. The chemical composition of the slag

is listed in T able 1.

Table 1 Chemical composition of slag
(mass fraction, %)

FeO Si02 AL O3 CaO

62.6 26.28 0.52 8.25
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Two types of slag specimens were adopted:
1) slowly cooling specimen: after oxidizing for cer-
tain time, the molten slag was slowly cooled down
for analyzing the valence status of iron cation and
phase status in the slag; b) quenching specimen:
the molten slag was rapidly cooled down by water
so as to know the imsitu phase status and composi
tions.

The main furnace used in this study was a ver-
tical tube furnace with the maximum operating
temperature of 1600 C, fitted with a programma-
ble Shimaden SR-53 temperature controller. The
furnace was heated with six vertical MoSi: ele
ments that were secured around the furnace work
tube. The work tube was made of recrystallized
alumina. Both ends of the tube were fitted with
airtight metal plate assemblies that were water
cooled with a provision for gas inlet and outlet.
Fig. 1 shows the schematic drawing of the furnace
setup. Oxidizing gas flow to the furnace was con-
trolled and kept at 0.5 L/ min by glass rotor meter
situated between furnace and gas supply cylinder.
The crucible was made of recrystallized alumina
with 10 em-high melting slag in it.
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Fig. 1 Schematic diagram of experimental setup
1 —Oxygen sensor; 2 —Measure hole; 3 —Cover;
4 —Crust of furnace; 5 —Alumina tube; 6 —Crucible supporter;
7 —Pt-13% Rh/ Pt thermocouple; 8 —Air inlet;
9 —Slag; 10 —Crucible; 11 —Digital voltmeter;
12 —Shimaden SR-53 programmable temperature controller;
13 —Cocation ring

The contents of Fe( II) in the slags were ana-
lyzed by ortho-phenanthroline redox titration, and
that of TFe was determined by potassium dichro-
mate volumetric method ' .

Slag samples were observed and assayed by
metallographic microscope, SEM, XRD and EDXS
to confirm the phase compositions. Grain size and
crystallizing quantity of magnetite ( Fes04) were
determined by Quantimet 520 imagine analyzer.

3 RESULTS AND DISCUSSION

3.1 Okxidizing Kinetics of iron in molten slag

Fig. 2 shows the relationship between content
of Fe( II) ( mass fraction, %) and oxidizing time
after cooling down in the atmosphere of air and
pure oxygen in molten slags at 1573 K. In air oxi
dizing process, Fe( II) content declines with in-
creasing oxidizing time. After 30 min oxidization in
air, Fe( II) content is less than 18%; while using
pure oxygen as oxidizing medium, after 20 min oxi-
dization, Fe ( II) content is less than 14.6%.
Here, iron in slag mainly exists in the form of
magnetite, in other words, most iron enters mag-
netite phase.
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Fig. 2 Relationship between Fe™* content
and oxidizing time
(Measured after cooling down)

Fig. 3 shows the morphologies of quenched
slag oxidized by pure oxygen at 1 573 K and its
XRD patterns. Through morphology of quenched
samples of oxidized slags with different oxidizing
times, we can clearly see that with increasing oxi
dizing time, the quantity of Fe;Os increases, the
melt becomes saturated, and FesOa precipitates
and grows up in size during the oxidizing process.
The variety of the peak intensity and areas of XRD
patterns of quenched slags confirms these trends
and all these coincide with chemical analysis results
shown in Fig. 2 and Fig. 4. It is also indicated that
the variety of Fe(Il) content can be used to describe
oxidization mechanism in CaO-FeO.-SiO: slag.

Fig.4 shows the relationship between
In[ (Fe* )o/ (Fe™ ).] and oxidizing time ¢( by pure
oxygen and air). This figure shows nearly liner re-
lationship between ¢ and In[( Fe™ )o/ (Fe™ ). ],
which indicates that the oxidizing reaction is of
first order. In those descriptions, (Fe™ ), is the
mass concentration of Fe’ at time ¢, (Fe™ )o is
the mass concentration of Fe** at time t= 0, and
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Fig. 3 Morphologies of slag and XRD patterns
(1573 K, quenching, oxidized by pure oxygen)
(a) —2min; (b) —4 min; (¢) —6 min; (d) —8 min
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Fig. 4 Relationship between In[ (Fe™ )o/ (Fe™ )] and time of quenched sample

(a) —In pure oxygen; (b) —In air
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the slope of the line is reaction rate constant k.
The oxidizing reaction of Fe( II) in slags is
expressed by Eqn. (1):

4Fe™ + Onfon inertac) = 207 + 4Fe™ (1)
Reaction rate is as follows:
(Fe™ ),= (Fe* )o- exp(— kt) (2)

Based on Arrhenius formula'™, from the rela-
tionship between In(kr.) and 1/ T, we get

Inkr2* = - 296 672. 5/ RT + 18. 63 (3)
Inke2* = - 340 300. 9/ RT + 22.33 (4)
Eqn. (3) 1is oxidizing kinetic equation of

Fe( II) in pure oxygen, with reaction apparent en-
ergy E. being 296. 67 kJ/ mol. And Eqn. (4) is oxi-
dizing kinetic equation of Fe( II) in air, with reac
tion apparent energy E. being 340. 30 kJ/ mol.

Values of apparent activation energy E. may
reflect mechanism of those oxidizing reactions. As
we know, when E.< 150 kJ/ mol, mass transfer is
the controlling step; while £.> 400 kJ/ mol, sur
face chemical reaction is the controlling step and E.
can reach 418 kJ/mol in some chemical reac
tions''"* . Based on the values of E. and feature of
the reaction rates, we may conclude that oxidiza-
tion mechanism in CaO-FeO.-Si02 slag with high
iron content is a reaction mixedly controlled by
mass transfer of the reaction constitutes and melt-
ing-gas surface oxidizing reaction.

3.2 Microstructure transformation mechanism in
oxidizing process
Fig. 5 shows the morphologies of slowly cooled

Fig. 5 Morphologies of slowly cooled slags
(a) and (4 ) —Raw slag; (b) —Oxidized for 5 min by air;
(¢) —Oxidized for 20 min by air; (d) and (d’) —Oxidized for 30 min by air
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slags. In oxidizing process, with the increase of
Fe( II) content and declining of Fe( II) content,
phase compositions change. Fig. 5(a) shows the
morphology of raw slags: bright phase is magne-
tite( FesO4); the other two phases are fayalite
(Fe2Si04, less bright) and olivine(( Fe, Ca) SiOu4,
grey phase) and dark holes are air bubbles.

Figs.5(b) and (c¢) show the morphologies of
slags oxidized by air for 5 min and 20 min, respec
tively. In oxidizing process, content of fayalite
(Fe2Si04) declines and that of magnetite( FesOa4)
increases. While after oxidized for 30 min by air
(Fig. 3(d)), there is little fayalite in slags. The
intensity and area variety of diffraction peak in
Fig. 6 shows the increasing of magnetite( Fes04)
content and declining of fayalite( Fe2Si04) content,
which meets the case of the metallographic analysis
in Fig. 5.

(a)

¢ — Magnetite(Fe;04)
» — Fayalite(Fe;Si0,)

(23

Table 2 EDXS results of fields in Fig. 4

(molar fraction, %)

Field o Si Ca Fe
1 45.411 16. 487 1.999 25.220
2 58.496 - - 41. 504
3 63.914 22.085 7.172 2.422
4 64.241 22.101 3. 660 3.156
5 53.135 = 0.342 44.220

Table 3 Comparison of magnetite( Fe;04)
particles precipitation in samples

Oxidizing time/  Cooling speed/  Oxidizing temperature/

ki

1

min (K * min™ ") K

0 5 -

10 5 1573

30 5 1573

10 5 1573

Oxidizing time/ Dso/ Fe content in magnetite/ Oxidizing

min Hm % medium
0 25 22 -

10 70 69 Air
30 82 82 Air
10 95 86 Oxygen

20 30 40 50 70 80
20/(°)
(b * — Magnetite(Fe;04)

* — Fayalite(Fe;8i0,)

20/(%)

Fig. 6 XRD patterns of slowly cooled down slags
(a) —Raw slag; (b) —Oxidized for 30 min by air

Table 2 summarizes the EDXS analysis results
of the SEM in Fig. 5. From the element composr
tions of the dark substrate phase(fields 3, 4), we
confirm that it is a type of silicate solid solution of
Fe and Ca, called olivine (Fe, Ca) Si04, thus we
get the phase constitutions of the slag mentioned
above. From Table 2, we also realize that even
magnetite ( FesO4) is not strictly stoichiometric
substance, and the atom ratio of O/ Fe increases af-
ter oxidization.

Table 3 lists the comparison of magnetite par

Dso —Diameter where dispersed-phase holds half of
maximum value at 50% centerline

ticles precipitation in samples. By oxidizing, mag-
netite( Fes04) increases both in mass fraction and
in crystal size after cooling down slowly. The aver
age particle size is 80 795 Pm when cooling down at
5 K/ min, thus making it easily be separated from
those waste slags.

S CONCLUSIONS

1) The Fe( II) oxidizing reaction in CaO-
Fe0.-Si0:2 slag system is of first order, with reac
tion apparent energy E. being 296. 67 kJ/ mol in
pure oxygen, and E. being 340. 30 kJ/ mol in air.

2) Main phases in the slag after cooling is
fayalite ( Fe2SiO4),
((Fe, Ca)SiO4). In the oxidizing process, content
of fayalite ( Fe2SiO4) declines; while that of mag-
netite ( Fes04) increases, which can achieve the

magnetite ( Fes04), olivine

aim of enriching iron resources into magnetite
(Fes04) phase.

3) In the isothermal oxidizing process, Fe( IIJ
content increases rapidly, the melt becomes satu-
rated, FesOs first precipitates and crystal particles
grow up.

4) Appropriate thermal conditions do good to
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the growth of magnetite( Fe3sO4) crystal particles.
The average particle size is 90 = 100 Pm when

cooled down at 5 K/ min, while the particles is of

good autotype.
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