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Abstract: The melting and separation behavior of vanadium—titanium magnetite pellets directed at an efficient extraction
of vanadium and titanium was systematically investigated. Applying FactSage simulations and experiments, the
smelting separation of three pre-reduced pellets from different regions was analyzed. The simulations demonstrate that
FeTi,0s is converted to TiC at low temperatures, necessitating suppression of this step. Experiments under optimized
conditions (1590—1690 °C, 20—25 min, 2% coke, basicity 0.4—0.6, and 3.0%—6.0% MgO) yield iron grade of 92.35%—
95.06%, titanium grade of 34.37%—39.89%, and vanadium grade of 0.56%—1.52%, with recoveries of 99.52%-99.60%,
94.08%—98.96%, and 92.63%—94.38% for iron, titanium and vanadium, respectively. The titanium in the slag, primarily
in the form of anosovite, is suitable for sulfuric acid-based titanium white production. An increase in basicity, MgO
content, and pellet metallization serves to improve vanadium recovery in melted iron but lowers the titanium grade in
the slag. The overall process effectively utilizes vanadium and titanium resources under optimized conditions.
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and the titanium oxides are incorporated into the
slag [3—5]. Vanadium-bearing molten iron is
conveyed through the converter to produce
vanadium slag and semi-steel. The vanadium slag is

1 Introduction

Vanadium titanomagnetite (VIM) 1is a

polymetallic co-associated iron ore resource with a
significant utilization value. The main ore
enrichment elements are iron, vanadium, and
titanium, with chromium, cobalt, nickel, and copper.
Global reserves exceed 40 billion tons, and its
strategic application has assumed increasing
importance [1,2]. Currently, VIM treatment is
largely reliant on blast furnace-converter processing.
In VTM smelting, the raw ore undergoes
beneficiation to produce a vanadium and titanium
concentrate, which, following a briquetting-roasting
process, is smelted in a blast furnace. The majority
of the vanadium oxides are reduced to melted iron,

then subjected to a wet vanadium extraction to
obtain the requisite vanadium products. The
semi-steel is subsequently subjected to further
refining processes in order to obtain a qualified
steel product [6—8]. The blast furnace process
exhibits a number of disadvantages, including
lengthy process flow, appreciable environmental
pollution and the requirement for substantial
infrastructure investment. Furthermore, recycling of
blast furnace slag is hindered by the low TiO»
content (<25%), complex mineral composition and
the prevalence of glass phases. Consequently, blast
furnace slag typically constitutes waste, contributing
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to environmental pollution and an inefficient use of
resources [7,9,10]. In response to these drawbacks,
a significant effort has been made to develop
non-blast furnace smelting processes, tailored to
specific circumstances, with the objective of
recovering vanadium and titanium from VTM. This
has resulted in a detailed examination of
low-carbon “green” metallurgy and the recovery of
valuable metals, which has included
hydrogen-based reduction, selective reduction and
separation techniques. The pre-reduction smelting
of VIM still faces a number of challenges.
Although hydrogen-based reduction works well in
the laboratory, industrial application is constrained
by such factors as the cost of hydrogen, safe storage,
and the optimized design of large-scale equipment
and units. Moreover, the fine grain size and
complex intergrowth associated with VTM present
technical difficulties in smelting and separation
processes. Currently, the most extensively studied
and applied non-blast furnace systems include
reduction-grinding-separation, pre-reduction-electric
furnace, and sodium-enhanced vanadium extraction
processes [11-14]. The pre-reduction- -electric
furnace process is characterized by relatively simple
smelting operation, minimal environmental impact,
short processing time, and high efficiency, offering
economic benefits and facilitating sustainable
low-carbon development. This now represents the
dominant approach to comprehensive VTM
utilization, with extensive deployment in South
Africa and New Zealand [15—17].

The VTM pre-reduction pellet smelting
process is a pivotal component of the direct
reduction electric furnace smelting separation
process. It facilitates the separation of valuable
elements and titanium-containing slag, while
enabling the reduction of iron and vanadium and
the production of clean vanadium-containing
molten iron and titanium slag during slag-iron
separation [18,19]. Progress in VTM pre-reduction
pellet smelting separation has delivered effective
slag-iron separation. However, a precise control of
vanadium and titanium distribution requires further
process improvements, with enhanced vanadium
recovery from melted iron being a priority issue.
Most VIM smelting separation processes require
high slag basicity, which invariably lowers the TiO,
grade in the slag [20—22]. In addition, the titanium

slag often contains high levels of impurities,
notably calcium and silicon. When these slags are
used in titanium dioxide production using the
sulfuric acid process, the impurities interfere with
slag decomposition and settling, leading to the
accumulation of substantial waste slag [23].

Current optimization of titanium slag for VITM
has focused on adjusting slag composition to
promote the formation of a low-melting-point phase,
enhancing the titanium grade. JIAO et al [24]
showed that an increase in TiO, content results in a
reduction in slag viscosity, where TiO, exhibits
high bond lengths and low bond energies. ZHOU
et al [25] demonstrated that titanium viscosity
significantly decreased with an increasing CaO/
Si0; ratio from 0.1 to 0.8. It is therefore necessary
to address the coordination of the pre-reduction
process with the reduction smelting separation, as
well as the titanium slag upgrading process in order
to fully establish the factors affecting the iron,
vanadium and titanium components.

In this study, the smelting separation behaviors
of three pre-reduced VIM pellets from different
regions investigated. The
effects of the smelting separation process and
different slag types on the ultimate iron, vanadium
and titanium components were studied, and the
findings can inform the production of high-quality
vanadium-bearing molten iron and titanium slag by
smelting separation in VTM electric furnaces.

were systematically

2 Experimental

2.1 Raw materials

Three VTM samples were used to prepare the
pre-reduced pellets, denoted as pellet 1, pellet 2,
and pellet 3. The strength of all pellets was 2500 N
and the chemical compositions are listed in Table 1.
Both pellet 1 and pellet 3 can be categorized as
high-titanium VTM pellets, with TiO, contents of
14.29 % and 11.40 %, respectively. The content of
valuable metal (TiO, and V;0s) in pellet 1 is
slightly higher than that of pellet 3. The total iron
(TFe) content of pellet 2 has the highest grade
(79.04%), and the V»0s and TiO, contents are
0.94% and 7.22%, respectively. The TiO, content is
significantly lower than the other two ores, which
may lead to a lower TiO, grade in the smelting
slag. In addition, the impurity contents (SiO,, CaO,
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Table 1 Chemical composition of three pre-reduced VIM pellets (wt.%)
Pellet TFe MFe TiO2 V205 CaO Si0, MgO ALO; KO NaO P S
1 66.32 5931 14.29 1.95 0.23 6.19 1.68 5.49 0.15 0.20  0.009 0.011
2 79.04 67.07 7.22 0.94 0.27 2.49 1.19 388 0.017 0.16 0.021 0.026
3 67.75 56.17 1140  0.85 0.50 5.99 4.57 4.60 0.033 036 0.0085 0.025

MgO, and Al>Os) in pellets 1, 2, and 3 are 13.59 %,
7.83 %, and 15.66 %, respectively.

The X-ray diffraction (XRD) patterns of the
three reduced pellets are shown in Fig. 1. The main
phases in each case are metallic iron and ilmenite,
with some differences with respect to magnesium
anosovite in pellet 1 and magnesium titanate in
pellets 2 and 3. As can be seen from the optical
images given in Fig. 2, the metallic iron particles
present in pellet 1 exhibit a fine dispersion with
evidence of small pores. The microstructure of
pellet 2 is characterized by flakes of ilmenite, with
the metallic iron particles exhibiting an acicular and
flaky morphology. In addition, there is evidence of
iron particle aggregation. The metallic iron particles
in pellet 3 are finer, and do not form flakes,
exhibiting more holes and cracks, and irregularly
shaped silicate minerals. The SEM—EDS analysis
results are presented in Fig. 2, where point 1 and
point 2 of pellet 1 correspond to the silicate-bonded
phase and an ilmenite phase, respectively. The
ilmenite phase exhibits a worm-like distribution
with large metallic iron particles at the edges. The
fine-grained metallic iron in pellet 2 is concentrated
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Fig. 1 XRD patterns of three pre-reduced VIM pellets

at the edges of the minerals. In addition, there is
evidence of metallic iron present as sheets. Analysis
of point 2 indicates that the worm-like metallic iron
contains trace quantities of titanium, and the silicate
exhibits a minor vanadium component. In the case
of pellet 3, the silicate is bonded to the metallic iron
particles, but there is no evidence of aggregation to
form sheets. The vanadium content at point 2 is
slightly high.

The coke used as the reducing agent had a
fixed carbon content of 52.12%, a volatile matter
content of 30.41%, an ash content of 4.49%, and a
sulfur content of 0.34%.

2.2 Experimental procedures

The VTM pre-reduced smelting separation
experiments were conducted using an electro-
magnetic induction furnace (SP-50KTC), as
illustrated in Fig. 3. Firstly, the pellets (1, 2 and 3),
which exhibited 89%, 85% and 83% degrees of
metallization, respectively, were pulverized to a
particle size of less than 1 mm. In each experiment,
200 g metalized pellet powder was used with the
addition of the requisite quantities of MgO and
coke powder for the designed slag type. The
mixture was blended and transferred to a 50 mL
graphite crucible, placed in an induction furnace
(380 V and 12 kW), and the timing started when the
temperature reached the predetermined point. At the
end of the smelting separation experiment, the
crucible was removed and placed in a nitrogen
atmosphere to prevent oxidation. When the crucible
reached ambient temperature, the sample was
crushed, and the upper slag layer and lower metal
mass were removed and weighed. The metal block
was cut into pieces with a cutter, ground finely
using a vibratory grinding machine, and assayed for
iron, vanadium and titanium content.

Thermodynamic calculations were conducted
using the FactSage 8.1 thermodynamic software
package, applying the chemical composition of the
pellets as the basis for the calculations [26]. The
XRD analysis was performed using a Rigaku Ultima
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Fig. 2 Optical microstructures and SEM—EDS analysis of three pre-reduced VIM pellets: (a) Pellet 1; (b) Pellet 2;
(c) Pellet 3 (T: Ilmenite; Si: Silicate; I: Metallic iron; P: Pore; R: Resin)

Electromagnetic
induction coil

Fig.3 Schematic representation of electromagnetic
induction furnace

IV X-ray diffractometer (Rigaku Corporation,
Japan), applying a scanning angle range of 10°—80°
(26). Peak fitting and phase identification were
conducted using MDI Jade 9.0 software to
determine the mineral composition of the samples.

3 Thermodynamic analysis

3.1 VIT'M pellets
3.1.1 Reduction thermodynamics of vanadium-
bearing oxides
The vanadium in VTM is gradually reduced
when the pellets are smelted in the electric furnace.

As vanadium and iron are miscible at elevated
temperatures, the vanadium that is reduced at the
slag-iron interface does not enter the melted iron as
a solid phase, and is dissolved in the melted iron.
The vanadium in the spinel phase is also reduced as
part of the smelting separation process, forming a
vanadium—iron compound with the iron phase [27].
As previously reported in Ref. [28], the reaction of
high-valent vanadium oxides with carbon reduction
produces low-valent vanadium. The reduction of
vanadium oxides follows the order of VC > V,C >
VO > V. Furthermore, excess reductant may be
generated in the form of VC and V,C, which are
subsequently dissolved in melted iron.
3.1.2 Reduction thermodynamics
bearing oxides

The results of thermodynamic calculations
have indicated that the reduction of Fe—Ti oxides to
metallic iron occurs at relatively low temperatures
(about 1000 °C) under standard conditions [29].
The temperature required for the reduction of
titanium oxide to TiC is considerably lower than
that required for the reduction to TiO, and metallic
Ti. The crystal structures of different titanium
oxides vary, but TiO and TiC are classified as

of titanium-
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face-centered cubic crystal systems. As crystal
transformation is not required, this lowers the
energy requirements of the reaction. In
carbothermal reduction, oxygen atoms are readily
replaced by carbon atoms, resulting in the
formation of TiC [30]. Under standard operating
smelting separation temperatures, titanium oxides
are reduced in the following order: FeTi»Os — TiO,
— Ti305 — Ti20; — Ti.

The onset temperatures for the reduction of
CaTi03, Ti305, MgTi205, TiOz, and FeTi205 to TiC
are 1590.0, 1378.1, 1356.6, 1326.5 and 1219.8 °C,
respectively, which are in accordance with the
results of previous reports [31]. Differences in the
thermodynamic characteristics of vanadium and
titanium oxides can be addressed by altering the
amount of carbon, incorporating MgO to adjust the
slag type. This enables control over the vanadium in
the melted iron and titanium in the slag phase
during smelting separation.

3.2 Titanium slag
3.2.1 Effect of basicity on liquid phase content and
slag viscosity
As shown in Fig. 4, the liquid phase content of
pellets 1, 2, and 3 exhibits a gradual increase with
increasing temperature. The temperatures at which
the slag phase is fully melted are 1540, 1510 and

1450 °C, respectively, under the conditions of
natural basicity. The melting temperatures of the
three pellets are lowered with an increase in basicity.
However, an increase in basicity from 0.4 to 0.8 for
pellet 2 results in an increase in the melting
temperature from 1390 to 1420°C. Although
increased basicity enables a reduction in melting
temperature, a high level of basicity results in a low
grade of TiO2 in the slag, which is detrimental to
subsequent recycling. Accordingly, the optimal
basicities for pellets 1, 2 and 3 are 0.4, 0.4 and 0.6,
respectively. Operation at 1600, 1540 and 1540 °C,
respectively, is necessary to reduce the viscosities
of pellets 1, 2 and 3 to 0.1 Pa-s under conditions of
natural basicity. However, the liquid phase viscosity
gradually decreases with increasing basicity. In the
case of pellet 1 and pellet 2, the temperature
required to reach a viscosity of 0.1 Pa-s decreases
by an average of approximately 30 °C for each
incremental 0.2 increase in Dbasicity. The
temperature is 1540 °C when the viscosity of pellet
3 is reduced to below 0.1 Pa-s, and decreases to
1450 °C when the basicity is increased to 0.8. An
appropriate increase in basicity facilitates a low
viscosity at a given temperature.
3.2.2 Effect of MgO on liquid phase content and
slag viscosity
As shown in Fig. 5, the temperatures at which
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Fig. 4 Effect of basicity on liquid content (a—c) and viscosity (d—f) of simulated slag system: (a, d) Pellet 1;

(b, e) Pellet 2; (c, f) Pellet 3
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Fig. 5 Effect of MgO content on liquid content (a—c) and viscosity (d—f) of simulated slag system: (a, d) Pellet 1;

(b, ) Pellet 2; (c, f) Pellet 3

the slag phase is completely melted under natural
basicity for pellets 1, 2 and 3 are 1600, 1510 and
1450 °C, respectively. The melting temperature can
be reduced by adding MgO, resulting in
significantly low temperatures (1360, 1390 and
1420 °C) for pellets 1, 2 and 3, respectively.
The simulation demonstrates that the melting
temperature can be reduced by adding MgO, but
excess MgO may cause the VIM to become
refractory, increasing the amount of slag and
diluting the TiO2 content. The viscosity of all three
pellets exhibits a decline with increasing MgO
content, which is particularly pronounced at low
temperatures (1250—1400 °C). The optimal MgO
contents for pellets 1, 2, and 3 are 6.0%, 3.0%, and
6.0%, respectively.

The FactSage simulation was conducted to
elucidate the compounds associated with the
titanlum  slag, the characteristics  during
solidification, and the consequent phase equilibrium.
The low-melting point region in Fig. 6 is primarily
comprised of the MgsAli0Si»0»; phase zone,
CaAl,Si,0s phase zone, and CaTiOs;, Mg>SiOs,
MgTi,0s and TiO,. During smelting separation, the
basicity should be adjusted to 0.4—0.6, while
maintaining a MgO content of 17.5%—19% in the
slag. This facilitates the generation of MgTi,Os,
CaTiOs, and other titanium-containing oxides with
high titanium content.

T,:=1233.18 °C,
T, =2429.58 °C

A "

v GaTia oy v v, v v
Mg0O 09 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1 SiO,
Mass fraction
Fig. 6 Phase diagram of CaO—SiO,—MgO—ALO;—TiO,
(m(ALO3)/m(Z2)=0.13, m(TiO2)/m(Z)=0.4, Z=CaO—-SiO>—
MgO-AlL,03—TiO,, 1x10° Pa)

4 Results and discussion

4.1 Smelting separation process
4.1.1 Effect of reduction temperature

The smelting separation experiments were
conducted using powders of pellets 1, 2, and 3 with
89%, 85%, and 83% metallization, respectively, at a
melting time of 20 min, with 2% coke powder
added and basicity of 0.4. The effect of melting
temperature on the smelting separation index is
shown in Fig. 7.
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Fig. 7 Effect of temperature on reduction of VTM pellets in melted iron (a1, by, ¢1) and in slag (az, b, ¢2): (a1, a2) Pellet 1;

(b1, by) Pellet 2; (ci, c2) Pellet 3

In the case of pellet 1, the iron grade in the
slag exhibited a decline from 10.27% to 3.60% with
increasing temperature from 1600 to 1690 °C. The
vanadium grade in the slag showed a marked
decline with increasing temperature, reaching a
minimum of 0.62% at 1690°C. A higher
temperature resulted in a decrease in the TiO, grade
in the melted iron, with the lowest value (0.085%)
at 1660 °C. The highest TiO; recovery in the slag
was 99.59%, with a TiO, grade over 41%.

Pellet 2 exhibited an increase in vanadium
recovery from 51.62% to 83.48% with an increase
in temperature from 1550 to 1610 °C, accompanied
by a 0.18% increase in vanadium grade. The
vanadium grade in the slag exhibited a marked
decline, from 1.22% to 0.60%. The recovery of
TiO, exhibited the lowest value (81.24%) in the
slag at 1590 °C. The TiO» grade reached 46.84% at
1610 °C, the iron grade declined with temperature,
but the iron recovery rate showed an increase from
95.78% to 99.34%.

In the case of pellet 3, an increase in
temperature from 1510 to 1590 °C resulted in an
increase in the vanadium grade from 0.26% to 0.53%
in melted iron, and an increase in recovery from
36.75% to 77.76%; the vanadium grade decreased
from 0.88% to 0.35% in the slag. The iron recovery

was maintained at approximately 98% in melted
iron. Moreover, the grade of TiO, in melted iron
first increased and subsequently decreased with
increasing temperature, reaching a peak of 0.42% at
1570 °C. In contrast, the grade of TiO; in the slag
increased with increasing temperature, from 33.24%
at 1510 °C to 36.52% at 1590 °C.

The results demonstrate that an increase in
temperature facilitates a smooth transition of iron
beads and vanadium in the slag to the melted iron
phase, whereas TiO, remains in the slag. The
optimal melting separation temperatures for pellets
1, 2, and 3 are 1690, 1610 and 1590 °C,
respectively.

4.1.2 Effect of reduction time

The effect of reduction time on the smelting
separation index for pellets 1, 2, and 3 was
investigated under optimal conditions, and the
results are shown in Fig. 8.

Smelting separation time had a significant
effect on vanadium recovery in the case of pellet 1.
Extending the reaction time from 10 to 25 min
resulted in an increase in the grade of vanadium
from 1.08% to 1.41%. The recovery of vanadium
reached a maximum (88.61%) at 25 min, and the
grade of vanadium in the slag decreased by a factor
of 2. The grade of TiO; in melted iron exhibited



3876

Zheng-qi GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3869—-3885

X ——=100 X X e 100
S -=- Fe grade 95 X 5 e 2 5100f —morr o NS
(=) (=R R [=NE<)
=270 -D-}r/.(g)raded {90 =g & 70t '°'l\7/egra:jde 190 ;E = 8ot 80 ;\g
-o- 110, graae -o= grade
E 50+ if/eréc’goyery 185 gg E 50+ -o- TiO, grade 180 QE g E 60 —- Fe gr::lde gg § .4
g 30 } 1 gg § § g 301 —o—{-‘/c recovery 70 § E “E) 40+ _D_Ei(g)r:greade 150 § E
£15] 175 2% =5 Ve oo 35 251 Thnem a0 23
CL)1.5 170 g 7 1.5 £ Z 1.5 \4 130 g
T 0 — |65 ‘éo-ﬁ?“@ r— U T ool 120
B 8 12 16 20 24 G} 4 8 12 16 20 G 10 15 20 25 30
Reduction time/min Reduction time/min Reduction time/min
(a) (b)) (c)
60 100 = 100 100 o
< sof I s sl s
_c_%ﬂ 40+ . 190 éﬂ %D | 190 _&D %D 25+F —o—Fe grade 120 =
2 30f Ty “ @ 30¢ . R < Ve ] 85 2
; 20+ —D—Ti()zgradc 1 80 = E 20+ :—I\-‘/cg%;a:;ic 180 Z £ 15¢ 1_%0)2 gersn;ery : 80 E\
! = TiO, recovery 2 3 ~-TiO, grade 2 3 : 55
] 10 170 d>) s 10+ -~ TiO, recovery 1 70 g s 5t 170 8
&) oF - eo— c——a—] 8 G) ol S 8 G) 165 8
-10 : . . . 60 § . . ! : 160 o -5 s 60 ~
8 12 16 20 24 28 4 8 12 16 20 8 12 1620 24 28 32
Reduction time/min Reduction time/min Reduction time/min
(ay) (b2) (c2)

Fig. 8 Effect of reduction time on reduction of VIM pellets in melted iron (ai, by, ¢i) and in slag (az, by, c2):

(a1, a2) Pellet 1; (b1, by) Pellet 2; (c1, c2) Pellet 3

an initial slight decrease, followed by an increase.
The recovery of TiO; in the slag remained at
99.34% when the reaction time exceeded 15 min.
However, a prolonged reaction significantly
affected the TiO, grade in the slag, with a 2%
increase after a reaction for 25 min.

In the case of pellet 2, the TiO, grade in
melted iron reached 1.59% after a reaction time of
15 min, representing an increase by a factor of 15
relative to the initial level. The reduction of
titanium oxides in VTM-metallized pellets is a
challenging process, as established in the
calculations and thermodynamic analysis. As the
pellets have an iron grade of 79.04%, they contain a
significant liquid iron content that has the capacity
to dissolve more solid carbon, enhancing the
reduction of titanium oxides [32,33]. Consequently,
an increased proportion of titanium was reduced to
melted iron at a shorter melting time. Extending
time to 20 min resulted in a decrease in the TiO,
grade in melted iron to 0.55%, where the
corresponding TiO, recovery in the slag reached
93.62%. This was accompanied by a maximum
grade of TiO; in the slag (46.84%).

In the case of pellet 3, an extension of the
reaction time from 10 to 25 min resulted in an
increase in the vanadium grade in melted iron,
accompanied by a significant increase in vanadium

recovery (from 27.27% to 82.17%). The iron and
vanadium grades in the slag exhibited an increase,
and the TiO, grade decreased when the time was
prolonged to 30 min. This response is primarily
attributed to the complete reduction of vanadium
and iron oxides at extended time. However,
prolonged smelting can result in titanium oxide
over-reduction, generating TiC and other
high-melting-point micro-fine solid particles. This
leads to an increase in slag viscosity and poor
fluidity, which impedes the migration of metal
elements in the slag.

The slag—iron separation results have
established optimal time of 25, 20, and 25 min for
pellets 1, 2, and 3, respectively.

4.1.3 Effect of coke dosage

The effects of coke dosage were investigated
for each pellet in the optimal conditions, and the
results are presented in Fig. 9.

In the case of pellet 1, the recovery of
vanadium in melted iron fluctuates for a coke
powder content from 1.0% to 2.5%, reaching a
maximum (88.61%) at 2.0%. However, variations
in coke dosage had little effect on the TiO, content
in the slag, and the residual reductant level was
insufficient to significantly dilute the TiO, content.
Maintaining a coke powder dosage of no greater
than 2.0% in the treatment of pellet 2 ensures a high



Zheng-qi GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3869—-3885

3877

T 0f — = 198 S of=— Jos Sof T 19‘;5
£ 707 e 9455 £ 70 : lgs25 E£70 Sy ]S
D 50 | = TiO, grade i 2 e 5 50¢f " [y ° 850tk . —o—FI ,grade 1 85 2 o
£ 50T Ty 0= & “‘f“\ l;sgs £ ey 8
g 30__;22 186 SE g 301 +Ti8:ag§ade ¢ 8§ 15)3()_ v175 8E
L5 —o-Fe recovi E L5 | L5
£ 15} I S1st TUaom 65272 E15] 65 &2
_?j oLl g, 78 ] oL ’ : : 155 20 B o= 155
o 08 14 20 26 G 09 1.5 21 2.7 33 G 1.2 1.8 24 3.0 36
Coke dosage/% Coke dosage/% Coke dosage/%
(ap) (b)) (cy)
100 55 100 100 ¢
e S = e 5
ST e BoS A N T ] R Sl -96%?
Eﬁ 357 —o= Fe grade 92 ; Eﬁ 351 —o—Feegrade D : 'c_'%o 50 :{:/egg;;::e 192 f
@ 25+t ——V grade o @ 25 ——V grade 80 - @ —o— TiO, grade g
=) o= TiO, grade ) = | == TiO, grade 1 2 g 15+ —= TiO, recovery >
o 15} —== TiO, recovery 88 g v 15t —e— TiO, recovery g o 188 &
Eosl o sa §OF Sl 170§ B s —— 184§
© 5 80 2 C 5_ ; 60 2 5 80 é
0.8 14 20 26 0.8 14 2.0 26 32 14 20 26 32 38
Coke dosage/% Coke dosage/% Coke dosage/%
(ay) (b2) (c2)

Fig. 9 Effect of coke dosage on reduction of VIM pellets in melted iron (ai, by, ¢1) and in slag (az, by, ¢2): (ai, a2) Pellet 1;

(b1, by) Pellet 2; (c1, c2) Pellet 3

vanadium grade and level of recovery in melted
iron. An increase in coke powder dosage to 3.0%
was accompanied by a notable decrease in
vanadium recovery from 83.48% to 69.22%. In the
case of pellet 3, an increase in coke powder dosing
resulted in an initial increase in vanadium recovery
and subsequent decrease from a maximum of
82.17% to 58.15%. The melted iron grade in the
iron water was relatively stable at approximately
96%. However, pellet 3 exhibited a high veinstone
content and a low TiO, content. When the TiO,
content in melted iron was as low as 0.06%, the
TiO, grade in slag was 36.85%.

The results establish an optimum smelting
separation coke dosage of 2.0% for pellets 1, 2,
and 3.

4.2 Optimization of slag type
4.2.1 Effect of basicity

The effects of basicity on the smelting
separation index for the three pellets were
investigated under optimal operating conditions,
generating the results shown in Fig. 10.

In the case of pellet 1, the iron grade in melted
iron showed a clear increase (from 91.92% to
94.19%) with an increase in basicity (from 0.4 to
0.8). The TiO- grade also increased, from 0.43% to
1.3%. A constant level of TiO, (approximately
98%) in the slag was observed when the basicity
was less than 0.4, but showed a decrease

(approximately 93%) with increasing basicity. The
recovery of vanadium in melted iron exhibited an
increase from 76.12% at 0.4 basicity to 89.69% at
0.6 basicity with a vanadium grade of 0.37% in the
latter case.

The vanadium grade increased from 0.48% to
0.53% in melted iron for pellet 2 when the basicity
was increased from O0.11 to 0.4. This was
accompanied by an increase in the recovery of
vanadium from 76.81% to 83.48%. However, the
vanadium recovery was lowered to 71.86% with a
decrease in the grade to 0.46 in melted iron when
the basicity was increased to 0.8. In addition, the
TiO; grade in the slag exhibited a reduction of
approximately 6% from its highest point, reaching
44.61%.

In the case of pellet 3, the iron grade first
decreased and then increased with an increase in
recovery rate from 97.98% to 99.94% with an
increase in basicity from 0.08 to 0.6. At a basicity
of 0.6, the iron grade in the slag is 0.7%, whereas
the vanadium grade in the melted iron is 0.61%.
This indicates that the majority of the vanadium
oxides were reduced to melted iron during smelting
separation, with a vanadium recovery of 88.52% in
melted iron. The TiO, grade decreased from
36.46% to 35.90% in the slag with increasing
basicity. However, a increase in basicity served to
promote TiO; recovery in the slag, from 94.36% to
99.62%. At the same time, vanadium recovery in
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the melted iron decreased to 77.95%, and the
vanadium grade in the slag showed a twofold
increase when the basicity was increased from 0.6
to 0.8. The TiO; grade in the slag fell below 35%.

Thermodynamic simulations and previous
studies have indicated that excessive basicity
increases the viscosity of the liquid phase and the
reducibility of the slag-iron interface [34]. This
enables a partial reduction of TiO, to melted iron,
resulting in losses. The optimum smelting
separation basicities for pellets 1, 2, and 3 are 0.4,
0.4, and 0.6, respectively.
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Thermodynamic simulations and previous
studies have indicated that excessive basicity
increases the viscosity of the liquid phase and the
reducibility of the slag-iron interface [34]. This
enables a partial reduction of TiO to melted iron,
resulting in losses. The optimum smelting
separation basicities for pellets 1, 2, and 3 are 0.4,
0.4, and 0.6, respectively.
4.2.2 Effect of MgO addition

The results of varying the MgO content on the
smelting separation index for the three pellets are
shown in Fig. 11.

2 100 8 95 S
I —— T 0f /] Sof——— < —
g 70 > Fe grade R 195 k= 5 g 70+ “"'\:/eggr;::ldee i 2(5) = 0\\0 g 70 195 £ c\\o
ko] =V grade _° | S ° S o ° =}
5] L 8 o 3 L o i 23S 3 | 85 29
S 50 —— TiO, grade o= = 50 80 g.= =50 —— Fe grade g-=
QE) 30+ -G-Ferécgovery 175 58 QE) 30+ :Eiol grade 175 §g g 30 -ﬂ-Vg%'ade 7 §g
o —— V recovery o= c - Verl;eci)weerry 170 & ;0 o -o- TiO, grade 51 %
= 15+t 165 22 =15} very ~ =15+t —+ Ferecovery 165 £
[ :7—“ S [ ;-: :‘; 165 g [ o —— V recovery g
=] = el
] % 155 s . PR . 160 s 0 . 155
@) 0 0204 0608 © 0 02 04 06 0.8 © 0 02 04 06 0.8
Basicity Basicity Basicity
(ap) (b)) (cn)
5 100 2 55F 5 ° T 100 2

X 45t S o lop ° 35f 7@ <
ED45 196 ,‘_%D %045_ ?% 90&0 %35 196 '%D
) 357 —- Fe grade ° 192 2 % 35} - Fegrade 184 ; % 251 __::}\:,e;gijd: 92 2
S 25| Tyge > £25[ ~ T 1785 &5l TG =
§ 15k - TiO, fmve,y 188 % é 15t \_jloglf:y/j 179 GS‘ _q.; 15 == TiO; recovery | gg 5
S st~ . 184 5 & sf - {668 & ST~ 184 8

sL T T g & - T a0 sl . . . lgo &

0 02 0406 038 0 02 04 06 0.8 0 02 04 0.6 0.8
Basicity Basicity Basicity
(ay) (by) (c2)

Fig. 10 Effect of basicity on reduction of VIM pellets in melted iron (ai, by, ¢1) and in slag (a,, ba, ¢2): (a1, a2) Pellet 1;

(by, by) Pellet 2; (c1, c2) Pellet 3

X X X
L) e —— 105 . o8 W/ 105 . 2 90 T =———==1100 _
2 70} : 19552 2 70} 19582 270t~ 29 =3
e} —D—Fegrad; Z‘g L) R s a,g = 180 bg
,;3 501 - 1\"/'(g)raded 185 q; . _;3 50+ L/,’:?egrade 85 g R=1 g 50F = I\-‘/e grz:ide 70 q>) R=
2 3l ik 17523 T 30l T 17588 Ba0f ~Tomae 1% 23
—== V recovery e o -+~ Fe recovery Q3 - —= Fe recovery T
8= 1.5+ 165 % g = 1.5+ ~e= Vrecovery | 65 ~ g = 1.5F = Vrecovery 140 ~ =
I e e 130
] 1 g
] 0 o—5——————% 155 8 0 L ! \ ! ° 155 S 0 —E=— |3
6] 1 23 4 5 6 O 101418222630 © 4 5 6 7 8 9
MgO content/% MgO content/% MgO content/%
(@) (b)) (cy)
100 . °
\545_ C‘\[,__46—0 é \045_9\‘)\%\‘: 100§ °\°35 %‘Z—,\i 1000\c
%D D\w\b\ﬂ 196 &b SN —=— Fe grade 196 &b Y 301 196 =
S 35r % 'C—'%D 35 _i '\l'/i%radfade 'c—r: = 25+ %
25l TVeme 1% = Z2s —:g// 192 = Za0f I?%%Zi‘led 2 2
o - Tii = - - —o— TiO, grade
_§ 151k - %8; rgerf:lgSery 188 g _0.; 15t 188 E ,.§ %8 | —— TiO, gecovery 188 g‘
5 5t 184 58§ sf—"———"184 § 5 5| 184 2
= — c—— 51 51 | e
S S S ¥ 1) B~ sl g b= Ig0 =
1 2 3 4 5 6 1.01.4 1.82.2 2.6 3.0 4 5 6 7 8 9
MgO content/% MgO content/% MgO content/%
(22) (b) (co)

Fig. 11 Effect of MgO content on reduction of pre-reduced VIM pellets in melted iron (ai, bi, ¢1) and in slag (az, by, ¢2):

(a1, a2) Pellet 1; (b1, by) Pellet 2; (ci, c2) Pellet 3



Zheng-qi GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3869—-3885

In the case of pellet 1, the TiO, grade of the
slag decreased from 46.77% to 42.61% with an
increasing MgO content (from 1.73% to 3.0%). The
melted iron vanadium grade reached 1.52% with a
recovery of 94.38% at 6.0% MgO; the TiO, grade
was less than 0.38%. The vanadium recovery in
melted iron increased from 83.48% to 87.4% with
increased MgO addition in pellet 2 from 1.19% to
3.0%. The TiO, grade in the slag exhibited a
decrease of approximately 6%. However, the TiO»
recovery showed a gradual increase, reaching
93.87% at 3.0% MgO. In the case of pellet 3, the
TiO, decreased from 35.90% to 31.44% with
increased MgO addition (from 4.57% to 9.0%).
Moreover, the vanadium content in the slag
increased from 0.17% to 0.68%. The experimental
results have established that an increase in amount
of MgO incorporated in the slag system promotes
the recovery of vanadium and TiO.. However, this
results in a greater volume of slag and a reduction
in the grade of TiO,. An addition of 6%, 3% and 6%
MgO in the case of pellets 1, 2, and 3, respectively,
aligns with the simulation results.

The effect of the degree of metallization on the
smelting separation indexes is presented in Fig. 12.
Increasing the degree of metallization of pellet 1
from 75% to 89% resulted in a vanadium recovery
increase from 81.77% to 94.38%; the vanadium
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grade in melted iron increased from 1.33% to
1.52%. At 85% metallization, the recovery of TiO,
in the slag reached a maximum of 99.23%. In the
case of pellet 2, the recovery of vanadium in melted
iron increased from 79.54% to 92.63% with an
increase in metallization from 75% to 92%. In
addition, the vanadium grade in the slag decreased
from 0.51% to 0.27%, and the TiO, grade increased
from 31.62% to 40.59%. In the case of pellet 3, the
TiO, grade in the melted iron was essentially
unchanged, with a recovery of approximately 99%
when the metallization level was increased from
74% to 90%. The vanadium recovery is higher than
91.46% at a metallization degree greater than 83%.
However, the recovery of vanadium is only 85.5%
at a metallization degree of 74%. In addition, the
grade of vanadium in the melted iron exhibited a
significant increase with an increase in the
metallization degree.

The experimental results have demonstrated
that an increase in metallization has a considerable
impact on vanadium recovery. Conversely, it has a
minimal effect on the recovery of TiO; in the slag,
but contributes to an enhancement of grade. There
is no significant influence on the grade of iron in
melted iron. A high metallization degree facilitates
the production of high-quality vanadium-bearing
molten iron and titanium slag.
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4.2.3 Effect of metallization degree on smelting
separation

The results of smelting separation operated
under the optimal regime are presented in Table 2.
The degrees of metallization of pellets 1, 2, and 3
were 89%, 92%, and 90%, respectively. In the case
of pellet 1, the highest vanadium grade is 1.52%,
with a recovery of 94.38% and an iron recovery of
99.52%. A high iron grade of the raw material
associated with pellet 2 resulted in the formation of
an appreciable quantity of liquid iron during the
smelting separation process. This liquid iron has the
capacity to dissolve more carbon, reduce titanium
oxides, and dissolve TiO; in melted iron, resulting
in a loss of TiO,. Consequently, the TiO, grade in
melted iron reaches 0.50%, and the TiO, recovery
rate is 94.08%. Pellet 3 exhibited an iron recovery
of up to 99.60%, with a TiO, recovery up to
98.96%.

4.3 Product analysis
4.3.1 Vanadium-bearing molten iron

The results of the chemical elemental analysis
are shown in Table 3. The melted iron associated
with pellet 1 has a vanadium grade of 1.52%, an
iron grade of 95.06%, a carbon content of 2.49%,
and a low impurity content. Pellet 2 exhibits a
92.35% iron grade, with a carbon content of 5.19%
and vanadium and TiO; grades of 0.56% and 0.50%,
respectively. Pellet 3 has an iron grade of 94.79%, a
vanadium grade of 0.63%, a TiO content of 0.17%,
and a carbon content of 4.07%, with a low impurity
content. The three forms of vanadium-bearing

molten iron exhibit iron grades above 92%,
titanium contents below 0.3%, vanadium contents
reaching a maximum of 1.56%, and carbon contents
of approximately 5% in the iron component.

The high temperature of the graphite crucible
results in carbon infiltration into the melted iron,
leading to a low melted iron grade. In industrial
production, contamination of slag and melted iron
by impurities in the refractory can be effectively
avoided in operations such as slag hanging.
Therefore, it is reasonably anticipated that quality
of industrially produced melted iron will be higher
than that of the vanadium-bearing iron obtained in
this laboratory study.

Figure 13 shows the XRD patterns of melted
iron obtained from the melting separation
experiments of the three VIM pellets. The iron
phase composition shows slight differences, but the
principal phase is metallic iron. In addition, a quartz
phase and trace perovskite are present in pellet 1
and pellet 2. The SEM-EDS analysis (Fig. 14)
provides evidence of TiC formation and carbon
diffusion into the melted iron at the fissures in
pellet 1. Analysis of point 1 reveals a 95.51% iron,
0.11% Ti and 0.40% V content. The analysis of
point 2 indicates a substantial presence of vanadium
and titanium, with 1.85% Fe, 29.33% V, 55.34% Ti,
and 13.41% C. The location of vanadium in pellet 2
is essentially identical to that of Fe. The dissolved
TiC in Fe is higher than that in pellet 3, which is
consistent with the chemical composition data. In
addition, TiC and SiC are predominantly concentrated
in the carburization area, with a minimal presence

Table 2 Comparison of results for three pellets under optimal smelting separation processing

Grade/%
Recovery/%
Pellet In melted iron In slag
Fe v TiO, Fe v TiO, Fe v TiO,
1 95.06 1.52 0.30 0.89 0.18 39.89 99.52 94.38 98.55
2 92.35 0.56 0.50 2.01 0.27 40.59 99.58 92.63 94.08
3 94.79 0.63 0.17 0.83 0.08 34.37 99.60 94.06 98.96
Table 3 Chemical composition of melted iron under optimal smelting separation processing (wt.%)
Pellet Fe C TiO, v CaO SiO» MgO AlLO3 P S
1 95.06 2.49 0.30 1.52 0.026 0.20 0.014 0.011 0.015 0.016
2 92.35 5.19 0.50 0.56 0.0034 0.44 0.035 0.04 0.029 0.023
3 94.79 4.07 0.17 0.63 0.0036 0.16 0.013 0.0076  0.0078 0.017
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Fig. 13 XRD patterns of melted iron from three pre-
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of other impurities. The majority of vanadium in
pellet 3 is dissolved in the metallic iron phase, and
the vanadium-bearing molten iron has a very low
sulfur content. This suggests that the vanadium and
titanium resulting from the smelting separation
process are more effectively managed, enabling the
incorporation of vanadium into the melted iron and
preventing the reduction of titanium.
4.3.2 Smelting separation of titanium slag

The chemical composition of the titanium slag
is presented in Table 4, with the exception of pellet
3, where the TiO, content is 34.37%. In contrast,
pellets 1 and 2 exhibited a TiO, content exceeding
39%. The iron content of pellet 1 and pellet 3 is less
than 1%, and is higher (2.01%) in pellet 2.

The XRD analysis results, as shown in Fig. 15,
indicate that the primary phases in the molten
titanium slag are anosovite and a spinel, with

(a) - : 7 Fe 1 Ti 2
I3 El t t.9 t.9
e Element at% wt.% Fe eFrrenen lal 5A> ‘lNg SAJ
Fe  83.50 9551 v 1997 29.33 v
\ 039 040 Ti 40.07 5534
Ti 0.11  0.11 C 3871 13.41
C 1586  3.90

Ti 1 Ti >
\'
Element at% wt% ¢ Element at% wt%
Fe 403 738
Ii/e 33(5) ?gg V2260 37.77
Ti 3487 6034 Ti 20195 3450
C  57.03 2475 C 5128 2021
\'
Ca AV
4 5
Fe 2 |Fe
Element at% wt% Element at% wt%
o 67'53“ 90'1;) Fe 4351 7550
V033 041 Fe ¥1 83? gfé
Ti 004 005 c n 2 o
C  31.64 9.08 v : )

E/keV

E/keV

Fig.14 SEM-EDS analyses of melted iron from three pre-reduction pellets smelting separation systems: (a) Pellet 1;
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Table 4 Chemical composition of titanium slag under optimal smelting separation processing (wt.%)

Pellet Fe TiO, \Y CaO SiO, MgO AL O3 P S
1 0.89 39.89 0.18 6.98 17.39 17.85 15.58 0.023 0.040
2 2.01 40.59 0.27 4.92 12.36 17.55 18.36 0.0089 0.073
3 0.83 34.37 0.08 11.05 18.42 18.38 14.02 0.0041 0.062
Pellet 1 v Anosovite present as metallic iron and ilmenite, where
2 4 Spinel : : : S oE
¢ & Silicate vanadium is associated with iron and silicates, and

Perovskite

icate
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Fig. 15 XRD patterns of titanium slag from three

pre-reduction pellets smelting separation

silicate and perovskite. As shown in Fig. 16, the
main impurities in the titanium slag from the three
pellets are silica, alumina, calcium oxide, and
magnesium oxide. In the case of pellet 1, the
orientation of vanadium and titanium in the slag is
similar. The majority of vanadium that does not
enter the melted iron is present in the black titanite
phase. A minor amount of titanium is also present in
the spinel and silicate phases. The orientation of
calcium, magnesium, and silicon is also similar.
Titanium in pellet 2 is present mainly as a black
titanium ore, with minor amounts in the perovskite
and silicate phases, where the trends for vanadium
and titanium are similar. In the case of pellet 3,
titanium is predominantly present in the black
titanite phase, with minor amounts in the perovskite,
spinel, and silicates. Silicates have an approximate
titanium content similar to that of the spinel, and
are virtually free of vanadium.

5 Conclusions

(1) Phase analysis reveals that valuable
elements in pellets 1, 2, and 3 are predominantly

gangue as silicates and peridotite (Ca and Mg)
surrounding iron grains.

(2) Thermodynamic  simulations using
FactSage indicate that FeTi,Os converts to TiC at
low temperatures, which must be suppressed. The
melting temperature and viscosity decrease with
increasing basicity. The addition of MgO increases
the melting temperature but lowers viscosity.
Optimal slag conditions (basicity 0.4—0.6 and
17.5%—-19% MgO) favor high-TiO, phases such as
MgTi,0s and CaTiOs.

(3) The optimum melting separation
temperatures for pellets 1, 2, and 3 are 1690, 1610,
and 1590 °C, with 20—25 min smelting and 2%
coke addition. These conditions serve to enhance
liquid phase fluidity, vanadium migration to melted
iron (>90% recovery), and TiO, retention in the slag
at basicity 0.4—0.6 and MgO 3.0%—6.0%, and the
pellet metallization exceeds 88%. The smelting
process for vanadium—titanium magnetite (VITM)
reduces slag basicity while achieving >90%
vanadium recovery, retaining titanium in ilmenite-
rich slag, which is suitable for high-quality TiO,
production via sulfuric acid processing after
leaching.
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Fig. 16 SEM—EDS analyses of titanium slag from three pre-reduction pellet smelting separation: (a) Pellet 1; (b) Pellet
2; (c) Pellet 3
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