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Abstract: The effects of additive agents and growth behavior of perovskite phase as well as temperature change of slag at semi 
industry scale test were studied. The results show that the increase of steel slag does good to titania enrichment, however, it isn’t 
useful for the growth and coarsening of the perovskite phase. The additive Si-Fe powder can promote titania enrichment and make 
perovskite phase grow up easily. While air is blown into the molten slag, the reduced components in slag are oxidized and the 
released heat raises the temperature of slag. 
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1 Introduction 
 

China is rich in mineral resources of titanium, 
92.4% of which is vanadium-titanium bearing magnetite, 
deposited mostly around the southwestern part. About 
53% titanium is in the iron concentrate after mineral 
processing, after smelting process the blast furnace slag 
containing 20%−22% TiO2

 were produced[1]. The 
content of TiO2 in the slag is too low to separate titanium 
dioxide, and it is also too high to produce slag cement[2]. 
This slag has been already accumulated 50 million tons 
so far, and it is still increasing with a rate of 3 million 
tons per year[3], resulting in a waste of titanium 
resources and environmental pollution. Several mineral 
processing and metallurgical processes[4, 5] have been 
proposed for treating the slag, such as middle grade rutile 
making, titanium pigment making by H2SO4 method and 
Si-Al-Ti alloy by smelting. However, due to the 
dispersed distribution of titanium component in various 
mineral phases, very fine grain size and complex 
interfacial combination, the application of these 
processes may result in poor recovery and high cost. 

Fortunately, when the molten slag was carefully 
treated after it effused from blast furnace based on the 
selective separation technique[6, 7], most titania in slag 

could be enriched into a target mineral phase (perovskite) 
which then grew up. Therefore, the slag became the raw 
material for extracting titanium instead of a waste 
product. Both additive agents and oxidizing operation 
play an important role in the enrichment and growth of 
perovskite. LI et al[8, 9] studied the effect of CaO, MnO 
and Fe2O3 as additive on the precipitation temperature of 
perovskite phase. The effects of steel slag addition to 
titania bearing slag on viscosity and crystallization 
behavior of perovskite were investigated by LI et al[10]. 
LI et al[11] investigated the effect of basicity on 
enrichment selectivity of TiO2. DONG et al[12] 
forecasted the temperature change and heat releasing 
behavior of reductive slag during its oxidizing. Based on 
the research above, the effect of additive agents (steel 
slag and Si-Fe powder) and the temperature change in 
the oxidizing process at a pilot scale were studied in this 
work to provide a reference for compressively 
industrialized utilizing of those slags. 

 
2 Experimental 
 

The raw material was the bottom slag of blast 
furnace bearing about 20% TiO2. About 1.3 t molten slag 
mixed with additive agents (steel slag, Si-Fe powder) at 
different proportions was injected into a designed slag 
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ladle and then a lance was used to blow air into the 
molten slag for 10−25 min. During this process, the 
temperature of slag was measured by disposable 
thermocouples. The slag obtained after these treatments 
was called treated slag, which was cooled slowly with 
the cooling rate of 1 K/min. 

Slag samples were observed by metallographic 
microscope. Grain size distribution of perovskite and 
TiO2 enrichment degree (the enrichment degree defined 
by simple ratio of the mass per cent of titania in the 
enrichment phase to that whole titania in the slag) were 
determined by LETCAQ550/W 520 imagine analyzer. 
Enrichment degree and grain size distribution were 
measured as follows: 15 visual fields in each sample 
were stochasticly measured and then the statistical 
average was gotten as a result. 
 
3 Results and discussion 
 
3.1 Mineral components and selection of target phase 

of titania 
It can be seen from Table 1[13] that though titania 

disseminates in various mineral phases in the slag, it 
mainly disperses in the perovskite and titannaugite phase. 
Due to TiO2 is the basal composition of perovskite and 
the high distribution ratio, so perovskite phase is selected 
as the target phase of titania; in addition, titannaugite 
phase is a finite solid solution which formed by 36.1% 
CaTiAl2O6 and diopside[14], i.e. titania in titannaugite 
phase can be turned into the perovskite phase by 
optimizing the treatment condition and appropriate 
additives, thereby achieving selective enrichment of 
TiO2. 
 
Table 1 Distribution of TiO2 in titania bearing slag (mass 
fraction, %) 

Mineral  
phase 

Mineral  
phase 

TiO2 in  
mineral phase 

Distribution of 
TiO2 in slag 

Perovskite 20.70 55.81 48.02 
Titannaugite 58.90 15.47 37.87 

Ti-rich diopside 5.80 23.61 5.69 
Spinel 3.60 7.22 1.08 

Ti(C, N) 1.00 95.74 3.98 

 
3.2 Enrichment behavior of TiO2 

Fig.1 shows the relationship between the content of 
additives and the enrichment degree after cooling down 
in the designed slag ladle. It is obvious by comparison 
between the two curves that the enrichment degree is in 
connection with the additive agents’ content; the higher 
the additive agents are, the higher the enrichment degree 
is. While using steel slag as additive agent, the increase  

 

 
Fig.1 Relationship between additives and enrichment degree 

 
of TiO2 enrichment degree is more obvious than that of 
Si-Fe powder. The formation reaction of perovskite in 
the slag is as follows: 
 
TiO2+CaO=CaTiO3(s)                       (1) 
 

It can be seen from Eqn.(1) that the increase of the 
activity of CaO and TiO2 can promote the forward 
reaction. Titania bearing slag was deoxidized slag, in 
which large numbers of low valency titanium ions such 
as Ti3+, Ti2+ existed. When air was blown into slag, the 
ions and Ti(C, N) could be oxidated into Ti4+ which 
made the activity of TiO2 increase, the reactions are as 
ollows: f

 
2TiO+O2=2TiO2                              (2) 
2Ti2O3+O2=4TiO2                             (3) 
2TiN(s)+2O2=2TiO2+N2                                     (4) 
TiC(s)+2O2=TiO2+CO2                         (5) 
 

Furthermore, the increasing activity of CaO can also 
promote the reaction trend of perovskite formation. The 
addition of steel slag to titania bearing slag can cause the 
increase of CaO activity so that the enrichment degree 
increases. Chemical composition of additive agents is 
shown in Table 2. 

Figs.2 and 3 show the relationship between 
temperature of molten slag and oxidizing time when 
Si-Fe powder and steel slag are chosen as the additive 
agents respectively. Obviously, the addition of Si-Fe 
powder can raise the temperature of slag remarkably 
during oxidizing process. Compared with steel slag as 
the additive agent, the rising temperature of molten slag 
is high, which shows that a great deal of heat will be 
released during Si-Fe powder oxidizing that resulted in 
the slag temperature going up. The higher the 
temperature is, the lower the viscosity of the molten slag 
is. As we know, perovskite is formed by the association  
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Table 2 Chemical compositions of additive agents (mass fraction, %) 

Component CaO SiO2 MgO V2O5 MnO TFe Si Fe P Others

Steel slag 50.3 8.6 8.2 2.7 2.1 17.3 - - 0.3 10.5 

Si-Fe powder - - - - - - 74.4 24.5 0.2 0.9 

 

 
 

Fig.2 Curves of temperature change against time with Si-Fe as 
additive agent 
 

  
Fig.3 Curves of temperature change against time with steel slag 
as additive agent 
 
reaction of Ca2+ and , the decreasing viscosity 
can accelerate diffusion of Ca2+ and , thus 
promotes precipitation of perovskite in the slag. 

−2
3TiO

−2
3TiO

 
3.3 Morphology and grains distributions of perovskite 

in slag 
Fig.4 shows the morphology of slag samples and 

corresponding grains distributions of perovskite phase. It 
can be clearly seen through the morphology that the 
perovskite grains of the treated slag are much bigger than 
that of the original slag. The area percent of perovskite 
phase in original slag is 13.9%, whose average grain size 

is larger than 30 µm, but 63.6%, 74.6% and 92.5% in the 
treated slag respectively. 

Fig.5 shows the relationship between the content of 
additive agents and the area percent of perovskite phase 
that grains are beyond 30 µm. This figure shows clearly 
that with the increase of steel slag, the grains size of 
perovskite phase decreases, while grains size of 
perovskite phase increases with the increase of Si-Fe 
powder. 

The initial oxidizing temperature of molten slag was 
about 1 350 ℃, which was far below the precipitating 
temperature(1 420 ℃)[15,16] of perovskite phase in slag, 
in other words, before oxidation a lot of perovskite 
crystal embryo had already existed. More heat would be 
released when Si-Fe powder was chosen as the additive 
agent, the temperature of slag could rise beyond 1 400 
℃ and such high temperature could hold about 15-20 
min which decreased the precipitation content of 
perovskite phase in molten slag, then the original small 
crystal embryos of perovskite phase might melt down, 
only a few large ones could remain. The small number of 
nuclei of perovskite phase was in favor of grain growth 
and coarsening during the succeeding cooling process. 
Compared with Si-Fe powder as the additive agent, the 
lower the rising temperature, the shorter the high 
temperature duration, that is to say, the more amount of 
perovskite crystal embryos remained in slag, which 
resulted in perovskite grains average growing. Due to the 
approximately same grain size, it is difficult for the 
coarsing process through the growth of larger perovskite 
at the expense of smaller ones which show fine size and 
more perovskite grain particles in microstructure 
morphology. Through morphology of samples of treated 
slags shown in Figs.4(b), (b′), (d) and (d′), it can be 
clearly seen that the larger the perovskite grains, the 
smaller the perovskite grains amount than that of the slag 
with steel slag addition. 

It is obvious by comparison between the two 
additive agents that the enrichment degree and the 
perovskite phase grain size are all correlative with their 
content during the oxidizing process. The more the 
content of steel slag, the higher the enrichment degree, 
but the smaller the grain size of the perovskite phase. On 
the other hand, the increase of steel slag can cause the 
viscosity of slag increase remarkably while the content 
beyond a certain extension, so it isn’t useful for the 
oxidizing farther. Although the increases of Si-Fe powder 
does good to the enrichment degree and perovskite phase 
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Fig.4 Morphologies of slag((a)-(d)) and grain distributions of perovskite((a′)-(b′)): (a), (a′) Original slag without being oxidized; (b), 
(b′) Treated slag with 1.5% steel slag added; (c), (c′) Oxidized slag with no addition; (d), (d′) Treated slag with 1.6% Si-Fe powder 
added 
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Fig.5 Relationship between additive and area percent 
 
grain size at the same time, the high cost limits its 
addition content. When the slag is comprehensively 
utilized at industry scale, steel slag and Si-Fe powder 
added at an appropriate proportion during oxidizing 
process can be taken into account. 
 
4 Conclusions 
 

From the experiment, oxidizing and appropriate 
additive agents is an effective technique for treating 
titania bearing slag. Under the experimental condition, 
TiO2 can be easily enriched and perovskite phase can 
also grow up remarkably. 

1) The more the content of steel slag addition in 
titana bearing slag is, the higher the titania enrichment 
degree is, however, the more the addition is, the smaller 
the grain size of the perovskite phase is. 

2) When the content of Si-Fe powder increases, the 
titania enrichment degree increases and perovskite phase 
grain size grows up. 

3) A great deal of heat will be released during slag 
oxidizing, which can result in the slag temperature going 
up whether additive agent is added or not. 
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