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High-Titanium Slag Preparation Process
by Carbothermic Reduction of Ilmenite
and Wet-Magnetic Separation

XIAODONG LV, YUNTAO XIN, XUEWEI LV, WEI LV, and JIE DANG

As the titanium industry rapidly develops, low-grade ilmenite resources are drawing global
attention. The direct use of low-grade ilmenite can result in low production efficiency and heavy
pollution. In addition, the production of high-titanium slag via electric furnace melting
consumes significant energy and possesses low production efficiency. Therefore, a novel process
with low energy consumption is necessary for producing ultra-grade slag (UGS) for
chlorination. For low-grade ilmenite, semi-molten reduction and magnetic separation were
suggested in this study. The effects of carbon content, reduction time, and Na2CO3 addition on
the reduction and separation behavior were studied. The results showed that the addition of
Na2CO3 favored the formation of a semi-molten state, which was more conducive for the
diffusion, aggregation, and growth of the metal phase. In this regard, excess carbon was not
helpful, and it weakened the growth of the metal phase. Wet grinding and magnetic separation
were used for beneficiation of the reduced sample for efficiently separating the slag iron and
preventing the formation of agglomerates between slag and metal. For the sample with a carbon
dosage of 13 pct, Na2CO3 dosage of 8 pct, reduction temperature of 1673 K (1400 �C), and 90
minutes holding time, high-titanium slag with a TiO2 grade of 81.63 pct and iron content of 4.53
pct was produced, with the TiO2 recovery rate of 93.43 pct and the yields of 55.37 pct.
High-titanium slag can be used as a high-quality raw material to produce UGS for chlorination
by leaching.
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I. INTRODUCTION

TITANIUM resources are abundant in China; how-
ever, most Ti exists in middle- and low-grade ores with
complex multi-metals such as V and Cr. The low-grade
ore cannot be used directly due to environmental and
economic concerns. In addition, high-grade titanium
reserves are gradually being depleted with the rapid
development of the titanium industry worldwide. The
inefficiency in the utilization of low-grade titanium
resources has attracted the attention of researchers.[1,2]

Ilmenite contains considerable impurities that must be
removed for producing titanium slag via electric furnace

smelting. Titanium slag can be classified as ultra-grade
slag (UGS) and high-grade slag (HGS). UGS is pre-
ferred for producing titanium dioxide via chlorination,
while HGS, with high impurities, is mostly used in the
sulfuric acid process. Both UGS and HGS are mainly
produced using the electric furnace melting method,
which accounts for more than 70 pct of the world’s
titanium-rich raw material production.[3] The UGS is
obtained when titanium slag produced using the electric
furnace melting technique is leached. However, the
production efficiency is low and more energy is required
if low-grade ore is used during the electric furnace
process. Therefore, it important to develop a novel and
low energy consuming process for producing UGS from
low-grade ilmenite for use in chlorination.
In the past decades, most studies on ilmenite focused

on the reduction process. It was generally accepted that
FeTiO3 is first reduced to Fe and TiO2 during the
carbothermal reduction of ilmenite, and TiO2 is then
reduced to a series of low-valence titanium oxides.[2,4–12]

Studies on the enhanced reduction and separation of
ilmenite have been conducted, including pre-oxidation
treatment,[13–17] additive addition,[18–23] and mechanical
activation,[24–26] to improve the reduction efficiency of
ilmenite. A variety of additives were used in these
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studies, as shown in Table I. Additives (e.g., Na2B4O7,
Na2CO3, Na2SO4, Fe-Si, FeS2) can improve the reduc-
tion efficiency of ilmenite and promote the growth of
metal particles.

Therefore, based on previous studies, semi-molten
reduction of ilmenite, followed by wet grinding and
magnetic separation of slag from iron, was conducted to
produce UGS with low-grade ores. This study aims to
investigate the effect of Na2CO3 on the semi-molten
reduction of ilmenite and the separation behavior of slag
from iron. Finally, we developed a novel and low energy
consuming process to produce UGS from low-grade
ilmenite.

II. EXPERIMENTAL

A. Materials and Apparatus

The chemical composition and the X-ray diffraction
pattern of ilmenite used in the experiment are shown in
Table II and Figure 1, respectively, which indicate that
the main phases in the ilmenite are FeTiO3 and Fe2O3.
The particle size analysis of ilmenite is shown in
Figure 2. Generally, the smaller the particle size of the
reactants, the larger the specific surface area, which
makes the reactants and reductants fully contact, thus
promoting the reaction. However, when the particle size
is too small, the permeability between reactants will
decrease, which will affect the diffusion of the gas
produced by the reaction and reduce the reduction
effect. Therefore, the size of most of the particles falls
within the range of 48–150 lm, which can not only
guarantee the large enough specific surface area, but
also not affect the reduction effect. The reducing agent
used was graphite powder with ‡ 99.9 pct purity and
< 13 lm particle size. The instrument used in the
experiment is a high-temperature silicon molybdenum
furnace with MoSi2 as the heater, as shown in Figure 3.

B. Experimental Procedure

Graphite powder was used as the reducer and sodium
carbonate was used as the additive in the reduction
experiment. The dosage of the reducer was set at 12, 13,
and 14 wt pct and that of the Na2CO3 additives was set
at 0, 2, 4, 6, 8, and 10 wt pct. According to previous
studies, the temperature for the isothermal reduction
was set at 1673 K (1400 �C), at which the semi-molten
reduction of ilmenite can achieve better separation
results.[20] All the materials were well mixed and then
placed into a cylinder mold with a diameter of 16 mm to
form tablets. The pressure of the cylinder mold was
8 MPa, and the weight of the individual sample was 15
g. The sample was dried at 378 K (105 �C) for 120
minutes, and then the alumina crucible containing the
sample tablet was placed in an electric resistance
furnace. The furnace was heated with flowing argon
gas (0.6 L/min, purity: 99.99 pct). The reduced sample in
the crucible was quickly removed from the furnace and
it was rapidly cooled down after the sample was reduced
according to the programmed temperature profile. The

cooled sample cooled was beneficiated, the sample was
then separated using the wet-magnetic separation tech-
nique, and the sample was analyzed using optical
microscopy, backscattered electron scanning electron
microscopy (BSE), energy-dispersive X-ray spec-
troscopy (EDS), and XRD.
Herein, the recovery rate of the titanium and the iron

were defined as follows:

RTiO2
¼ mTiO2

m0
TiO2

� 100 pct ½1�

RFe ¼
mFe

m0
Fe

� 100 pct ½2�

where mTiO2
and mFe are the TiO2 and the iron content

in high-titanium slag and iron concentrate after
wet-magnetic separation, respectively; m0

TiO2
and m0

Fe

are the TiO2 and the iron content in sample before
wet-magnetic separation.
The high-titanium slag and the iron concentrate were

obtained after wet-magnetic separation, so the yield of
high-titanium slag and iron concentrate were defined as:

chigh�titanium slag ¼
aTiO2

� hTiO2

bTiO2
� hTiO2

� 100 pct ½3�

ciron concentrate ¼
aFe � hFe
bFe � hFe

� 100 pct ½4�

where aTiO2
and aFe are the grade of titanium and iron

in raw ore, respectively;bTiO2
and hFe are the grade of

titanium and iron in the high-titanium slag, respec-
tively; bFe and hTiO2

are the grade of iron and titanium
in the iron concentrate, respectively.
The content of theoretical sodium oxide was defined

as:

xNa2O theoryð Þ ¼
mNa2CO3

m ilmeniteð Þ
� MrNa2O

MrNa2CO3

� 100 pct ½5�

where mNa2CO3
is the quality of Na2CO3 in sample

before reduction; m ilmeniteð Þ is the quality of sample
after reduction; MrNa2O and MrNa2CO3

are the relative
molecular weight of Na2O and Na2CO3, respectively.

III. RESULTS

A. Thermodynamic Calculation

The changes in the content of the solid metal, solid
slag, liquid metal, and liquid slag of the reduced product
with their parameters were calculated using FactSage
software, as shown in Figure 4. As shown in Fig-
ure 4(a), when the carbon content was 12 pct and 6 pct
Na2CO3 was added, the content of the liquid slag phase
and liquid metal phase increased with an increase in
temperature. The sample almost completely melted
when the temperature rose to 1773 K (1500 �C).
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As shown in Figure 4(b), on the addition of 6 pct
Na2CO3, the content of the liquid slag phase gradually
decreased with an increase in the carbon content at a
reaction temperature of 1673 K (1400 �C). This may be
attributed to the iron in the liquid slag phase that was
gradually reduced to solid metal iron as the carbon
content increased, but the amount of the liquid slag
phase was reduced to a stable value at 12 pct carbon
content. This is because the reduction of iron in the
liquid slag phase approached equilibrium. In addition,
the titanium suboxide has a high melting point,[2,27] so

more titanium oxide was reduced to titanium suboxide
as the carbon content increased, resulting in a decrease
in the amount of liquid slag.
Figure 4(c) shows that at a reaction temperature of

1673 K (1400 �C) and a 12 pct carbon content, the liquid
slag content increased with the addition of Na2CO3, and
the slag phase was almost completely converted to liquid
with the addition of 8 pct Na2CO3,which indicates that
the addition of Na2CO3 was beneficial to the formation
of liquid slag.

Table I. Comparison of the Types and Effects of Additives in Previous Studies

Raw Materials Addition Effect References

Ilmenite Na2CO3 improve the reduction efficiency and the rest of the iron exists in the
form of sodium-iron-titanates

El-Tawil et al.[18]

Titanomagnetite
Concentrates

Na2SO4 improve the metallization degree and promoted the migration of
iron as well as the accumulation and growth of metallic iron grains
by low-melting-point carnegieite and troilite formed in the redox
system

Chen et al.[13]; Geng et al.[19]

Panzhihua Ilme-
nite Concen-
trate

Na2SO4 Decrease the melting point of metal and slag and promote the
growth of metal particles

Lv et al.[20]

Panzhihua Ilme-
nite Concen-
trate

Na2B4O7 reduce the reduction and improve the metallization and particle size
of iron

Song et al.[21]

Panzhihua Ilme-
nite Concen-
trate

Fe-Si improve the reduction efficiency and improve the metallization ratio
and particle size of iron

Huang et al.[22]

Western Aus-
tralian Ilme-
nite

FeS2 reduce effect on solid reduction of ilmenite by make manganese in
ilmenite form sulfide

Merritt et al.[23]

Table II. Chemical Composition of the Ilmenite as Pure Oxides (Wt Pct)

Compositions TiO2 FeO Fe2O3 SiO2 MnO MgO CaO V2O5 Al2O3 P2O5 S

Content 45.73 32.41 17.09 2.68 0.78 0.59 0.26 0.198 0.163 0.094 < 0.005

Fig. 1—XRD diagram of ilmenite.
Fig. 2—Analysis of size of ilmenite.
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B. Growth of Metal Phase

The optical images of a part of the reduced sample are
shown in Figure 5. The upper right corner of the image
shows the image of the reduced sample and the crucible.
The image of the reduced specimen and the crucible
when the Na2CO3 added was above 6 pct is shown in
Figure 6. As shown in Figure 5, the metallic iron
particle gradually increased with the increase in the
amount of Na2CO3 and an increase in the holding time.
Addition of Na2CO3 results in the formation of a
semi-molten slag phase, which accelerates the rate of
mass transfer, and therefore was beneficial for the
aggregation and growth of the metal iron phase. As
shown in Figure 6, when the amount of Na2CO3 added
was more than 6 pct, the reduced sample showed a
semi-molten state which became more obvious as the
amount of Na2CO3 added increased, and the growth of
the metal iron phase was more visible, as metal iron
particles were easily observed.

Figure 5 shows that the proper addition of carbon
could also promote the growth of the metal iron phase
because the carburizing of metal iron reduced the
melting temperature of the metal iron phase, thus
promoting the accumulation and growth of the metal
iron phase. However, when the carbon content exceeded
13 pct, the increase in carbon content did not favor the
aggregation and growth of the metal iron phase. This is
due to the high-valence titanium oxide was more easily
reduced to the low-valence titanium oxide with a higher
melting point by excessive carbon,[23,24] rather than
formed sodium titanates with a low melting point, which
led to the decrease of the slag phase with molten state.
As shown in Figure 6, the semi-molten state of the
reduced sample was not obvious when the carbon
content 14 pct. It can be seen from Figures 5 and 6
that erosion of the crucible by the reduced sample
occurred when Na2CO3 was added, and the erosion
increased in severity as more Na2CO3 was added. This

Fig. 3—Schematic diagram of high-temperature silicon molybdenum furnace.

Fig. 4—Changes in content of different phases with varying parameters ((a) temperature; (b) carbon; (c) additive).
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also shows that the addition of Na2CO3 would lead to
the transformation of parts of the reduced sample
molten state,[14] and this molten phase increases with the
increase in the amount of Na2CO3 added.

C. X-ray Diffraction

The reduced samples were ground into titanium slag
and the visible metal iron particles were sieved out.
The metal iron was then separated from titanium slag
using a wet-magnetic process. X-ray diffraction anal-
ysis of the titanium slag was conducted before and
after wet-magnetic separation was carried out, and the
results are shown in Figure 7. The main phases in the
product were Fe, Ti3O5, SiO2, Na0.23TiO2, Na2Fe2-
Ti6O16, and M3O5 (M: Fe, Mg, Ti, etc.). It can be
seen that the change in the carbon content and the
addition of Na2CO3 had little effect on the phase
transition of the slag before and after the wet-mag-
netic separation. In addition, the peaks attributed to
metal iron gradually weakened with the increase in the
amount of Na2CO3 before wet-magnetic separation.
This is due to the sieving and removal of the visible
metal iron particles in the sample that resulted in a
decrease of the metal iron in the sample. Furthermore,
it also indicated that the size of the metal iron
particles increased with the increase of Na2CO3 to
ease the sieving process.

Na0.23TiO2 and Na2Fe2Ti6O16 were observed on the
diffract gram after the addition of Na2CO3. Sodium
carbonate decomposes into sodium oxide and carbon
dioxide when heated, and this promotes the gasification
of carbon and then accelerates the reduction reac-
tion.[13,18] Furthermore, the alkali metal can cause lattice
distortion of iron oxide, which promotes lattice trans-
formation and easily produces porous iron, and this
accelerates the diffusion in the produced layer. The peak
of the metal iron phase was weaker after wet-magnetic
separation, and the peak was not observed in the case
with 13 pct carbon content and 8 pct Na2CO3, which
indicates that the wet-magnetic separation had a good
impact. In addition, sodium-iron-titanates (Na2Fe2-
Ti6O16) and solid solution (M3O5 (M: Fe, Mg, Ti,
etc.)) were observed in the titanium slag with the
addition of Na2CO3, so the rest of the iron in the
titanium slag existed in the form of sodium–iron–ti-
tanates[18] and solid solution.

D. Analysis of Elemental Content and Recovery Rate

The content of titanium and iron in the high-titanium
slag and iron concentrate after wet-magnetic separation
were chemically analyzed. The content and recovery rate
of titanium and iron in the high-titanium slag and iron
concentrate as well as the yields of high-titanium slag
and iron concentrate are shown in Figure 8. At the same

Fig. 5—Optical images and physical images of the reduced samples ((a) 13 pct C-90 min; (b) 4 pct Na2CO3-90 min; (c) 13 pct C-4 pct Na2CO3).
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time, the theoretical and actual sodium contents in
high-titanium slag were also analyzed, as shown in
Figure 9.

It can be seen from Figure 8 that in the high-titanium
slag, the TiO2 content and the recovery rate of TiO2

increased when the carbon contents were different and
sodium carbonate content increased. The total iron
content and the yield decreased with an increase in the
sodium carbonate content. The total iron content, the
recovery rate of iron, and the yield increased when the
carbon contents were different with an increase in
sodium carbonate, and the TiO2 content decreased
with an increase in sodium carbonate. However, the
recovery rate of TiO2 in the high-titanium slag and the
total iron content in the iron concentrate decreased
when the Na2CO3 content was higher than 8 pct and
the carbon content was 12 and 13 pct, respectively.
This is because large particles of iron were formed
when the Na2CO3 content was over 8 pct, as shown in
Figure 6, and the surface of the large particle of iron
adhered to some titanium slag and it could not be
separated; thus, the recovery rate of TiO2 in the
high-titanium slag and the total iron content in the
iron concentrate decreased. Figure 9 shows that the
Na2O content increased in the high-titanium slag for
different carbon contents with an increase of sodium

carbonate. Compared with 12 and 14 pct carbon
content, Na2O concentration is the lowest at 13 pct
carbon content. Furthermore, some molten Na2O
reacted with the alumina crucible to form NaAlO2,
eroding the crucible. Some Na2O was hydrolyzed to
form sodium salts,[28] which were removed during the
process of water-cooling, so the actual sodium oxide
content was lower than the theoretical value.
As shown in Figure 6, the excess carbon lowered the

effect of sodium carbonate when the amount of carbon
was 14 pct, and the aggregation and growth effect of
metal iron was poor, which led to the poor separation
effect of slag iron. Therefore, the recovery rate and
concentration of TiO2 in high-titanium slag and the
recovery rate and content of iron in the iron concentrate
decreased. Finally, when the carbon content was 13 pct
and the addition of 8 pct Na2CO3, high-titanium slag
with a TiO2 grade of 81.63 pct, TiO2 recovery rate of
93.43 pct, and total iron content of 4.53 pct were
obtained. Iron concentrate with a total iron grade of
95.89 pct, iron recovery rate of 94.73 pct, and TiO2

content of 1.22 pct were also obtained, and the yields of
high-titanium slag and iron concentrate were 55.37 and
37.43 pct, respectively. High-titanium slag can be used
as a high-quality raw material to produce UGS for the
chlorination process.

Fig. 6—Physical schematic of the reduced samples and crucible ((a) 6 pct Na2CO3-90 min; (b) 8 pct Na2CO3-90 min; (c) 10 pct Na2CO3-90 min).
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The traditional electric furnace smelting process is
always maintained at 1873 K to 2073 K (1600 �C to
1800 �C) for approximately 8 to 10 hours, and it
contains 10 to 12 pct FeO in the slag to obtain high
fluidity of the slag and ensure the separation of liquid
iron and liquid slag. So the titanium slag with a
TiO2 grade of 72 to 74 pct was obtained. Therefore,
this semi-molten reduction process improves the smelt-
ing conditions (1673 K (1400 �C), 1.5 hours) to obtain
high-grade titanium slag (81 to 82 pct TiO2) with low
FeO content (5.8 to 6.1 pct FeO). However, the very fine
particle size of titanium slag is a challenge when using
this process. Further study will be required for the wet
grinding process.

IV. DISCUSSION

A. Analysis of Reduction Mechanism

The reductionmechanism of the semi-molten reduction
process is shown in Figure 10. During the reduction
process, the reduction of iron oxide first occurred, and it
resulted in a partial distribution of metal iron in the
samples. Then, the Na2CO3 decomposed to Na2O and
CO2, and the Na2O reacted with the titanium oxide to
form sodium titanates with a low melting point. The
molten phase was distributed in the sample during the
reduction process, which led to the transformation of the
reduced sample to a molten state. As shown in Figure 6.
Themoltenphasewasbeneficial to thediffusion-migration

Fig. 7—XRD pattern of the products at various Na2CO3and different amounts of carbon before and after separation at reduction temperature
of 1673 K (1400 �C) for holding time of 90 min.
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of particles[29] and it increased the probability of contact
between reactants, thus promoting the reaction. In addi-
tion, the metal iron produced by reduction diffused and
migrated in the molten phase, and the metal iron was
avoided to form a dense metal shell wrapped around the
reactants, which affected the reduction process.
Generally, the diffusion-migration of the metal phase

is more likely to occur in the molten phase than in the
solid phase.[29,30] During the reduction process, the
molten phase wrapped the core of the reactants as
reduction proceeded. The molten phase formed the
diffusion-migration channel in the product layer, which
was beneficial to the diffusion of the reducing agent on
the surface of the reactant’s core. In addition, the
reduced metal iron diffused in the molten phase and
combined with other metal iron to agglomerate in the
subsequent process. This process continued repeatedly,
and eventually, the metal iron grew to visible metal iron
particles, which enabled the subsequent separation of
slag iron. In addition, as shown in Figure 6, the effect of
semi-molten slag on the sample was more obvious when

Fig. 8—Effect of Na2CO3 content and carbon content on TiO2 content, TFe content, iron recovery rate, TiO2 recovery rate, and concentrate
yield of iron concentrate and high-titanium slag at reduction temperature of 1673 K (1400 �C) for holding time of 90 min.

Fig. 9—Effect of Na2CO3 content and carbon content on theoretical
and actual content of Na2O at reduction temperature of 1673 K
(1400 �C) for holding time of 90 min.
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the amount ofNa2CO3was increased, thus promoting the
growth of metal iron. However, when the carbon content
was 14 pct, the excess carbon also migrated into the
molten phase, which resulted in the solidification of the
molten phase, thus hindering the diffusion-migration of
particles and further affecting the growth of metal iron.

B. Wet-magnetic Separation Analysis of Slag Iron

Presently, there are many studies on the mineral
processing of low-grade ilmenite,[25,26] but there are few
reports on the separation of slag and iron after the
reduction of ilmenite. In the previousmagnetic separation
process, the reasons for the poor magnetic separation
effect are shown in Figure 11. As shown in Figure 11(a),
the particle size of metal iron was much smaller than that
of the reduced sample obtained by magnetic separation.
This is because some of the metal iron was not fully
grown, which resulted in the partial separation of the slag
iron; the partial titanium slag was magnetically separated
by wrapping onto the metal iron, resulting in a poor
magnetic separation effect. Additionally, as shown in
Figure 11(b), the reduced sample was ground too finely
before magnetic separation, although the slag iron was
fully separated, the metal iron particles would be sub-
jected to magnetic agglomeration during separation. This
is because the particles were so fine that the slag and iron
particles were similar in size, and the agglomeration
process was wrapped in the titanium slag and formed an
agglomeration state. In strong and weak magnetic envi-
ronments, agglomerates that wrapped the titanium slag
were formed. The agglomerates did not disintegrate even
after stirring the slag.

During beneficiation, it was observed that the effect
of the combined method was better than that of the
single method, these combine methods include mag-
netic separation–flotation, heavy separation–flotation,
magnetic separation–heavy separation, and heavy
separation–magnetic separation–flotation–electric sep-
aration. Therefore, based on a previous study com-
bined with experimental trials, a new type of
wet-magnetic separation process was adopted, as
shown in Figure 12. The reduced samples were
ground in water, then the particle size of titanium
slag reduced with the increase of grinding intensity.
This is because of the relatively soft nature of
titanium slag; therefore, the metal iron wrapped in
titanium slag could be separated. The metal iron
settled at the bottom of the container because of its
relatively higher hardness and density. While the
titanium slag with smaller particles was suspended in
water to form a deep black suspension, then magnetic
separation was performed. At this time, the metal
iron and the titanium slag-containing iron were
selected. The water was replaced, the sample was
demagnetized, and re-ground for a cycle process like
a fi b fi c fi a. The high-titanium slag was obtained
by filtration of the replaced suspension, and the
filtrate could be reused. A cycle process like a fi
b fi d fi e fi c fi a was conducted until the slag
iron was completely separated, and the iron concen-
trate was left in the container. This method enabled
the full separation of the slag iron and also prevented
the formation of agglomerates that may cover the
surface of the titanium slag, and this enabled the
complete separation of the slag iron.

Fig. 10—Ilmenite semi-molten reduction mechanism diagram.
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C. Morphology Change Analysis of Titanium Slag

The morphology of the titanium slag before and after
the wet-magnetic separation process is shown in Fig-
ure 13. The particle size of the titanium slag after
wet-magnetic separation was smaller than that before
wet-magnetic separation, which is due to further
decrease in particle size caused by grinding in water
during wet-magnetic separation. Metal iron particles
were observed such as the areas marked by a in the
micrograph of titanium slag before separation, but they
were not observed after separation. This indicates a
good separability of slag and iron, and metal iron could
be removed from the titanium slag. There was still a
small amount of iron in the titanium slag, this is because
the slag would inevitably form a small amount of M3O5

(M: Fe, Mg, Ti, etc.) solid solution represented by b, c,
d, and f, and sodium-iron-titanates (Na2Fe2Ti6O16)
represented by c and d, which was also the main reason
for the grade of titanium slag obtained. It can be seen
from the regions marked as c, d, and e that Na, Ti, and
O coexisted in some regions in the reduced sample,
which indicates that there was a small amount of
Na0.23TiO2 in the sample.

V. CONCLUSION

Theoretical calculations and experiments were con-
ducted on the carbothermic reduction of ilmenite and
separation of iron slag in a semi-molten state by adding
sodium carbonate. The following conclusions were
drawn from our study:

(1) An increase in the Na2CO3 content and extension of
holding time favored the growth of the metal phase.
The addition of Na2CO3 favors the formation of a
semi-molten state, which is more conducive to the
diffusion, aggregation, and growth of the metal
phase. The excess carbon-reduced titanium oxide
was transformed into titanium suboxide and it mi-
grated in the molten phase where it blocked the

molten phase by filling more solid particles, which
did not favor the formation of a semi-molten state,
and it weakened the growth of the metal phase.

(2) The addition of Na2CO3 favored the formation of a
semi-molten state, which was more conducive for
the diffusion, aggregation, and growth of the metal
phase. Wet grinding and magnetic separation were
used for beneficiation of the reduced sample for
efficiently separating the slag iron and preventing
the formation of agglomerates between slag and
metal.

(3) When carbon content of 13 pct and Na2CO3 dosage
of 8 pct at reduction temperature of 1673 K
(1400 �C) for holding time of 90 minutes, when the
carbon content was 13 pct and the addition of 8 pct
Na2CO3, high-titanium slag with a TiO2 grade of
81.63 pct, TiO2 recovery rate of 93.43 pct, and total
iron content of 4.53 pct were obtained. Iron con-
centrate with a total iron grade of 95.89 pct, iron
recovery rate of 94.73 pct, and TiO2 content of 1.22
pct were also obtained, and the yields of high-tita-
nium slag and iron concentrate were 55.37 pct and
37.43 pct, respectively. High-titanium slag can be
used as a high-quality raw material to produce UGS
for the chlorination process.

Fig. 11—Schematic illustration of the failure of slag iron separation
(a the metal iron and slag not completely separated; b the metal iron
and slag completely separated).

Fig. 12—Flow chart of wet-magnetic separation process (a
suspension from wet grinding; b magnetic separation of suspensions;
c before wet grinding; d suspension after magnetic separation; e
filtration).
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