el 4

Aosilles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Trans. Nonferrous Met. Soc. China 33(2023) 3835—-3846

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Influence of composition and temperature on
distribution behavior of V, Ti1 and Si in HIsmelt

Shu-shi ZHANG!', Zhen-yang WANG!, Peng HU?, Jia-ting RAO?, Yan-bing ZONG', Jing PANG'

1. School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing,
Beijing 100083, China;
2. State Key Laboratory of Comprehensive Utilization of Vanadium and Titanium Resources,
Panzhihua 617000, China

Received 2 April 2022; accepted 29 June 2022

Abstract: The effect of temperature and composition on the distribution behavior of V, Ti and Si in Hlsmelt smelting
vanadium—titanium magnetite was investigated, and the feasibility of HIsmelt smelting vanadium—titanium magnetite
with natural basicity was evaluated. The thermodynamic calculations showed that higher FeO content and basicity, and
lower C content and temperature are favorable for improving vanadium and titanium distribution ratio. However,
reducing basicity and FeO content benefits the recovery of vanadium and titanium resources in hot metal and slag. It is
proposed that in the HIsmelt smelting vanadium and titanium magnetite, the basicity is kept between 1.1 and 1.2, and
the temperature is in the range of 1400—1450 °C. The experimental results indicate that there are difficulties in HIsmelt

smelting vanadium—titanium magnetite with natural basicity.
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1 Introduction

The efficient recycling of V, Ti, Fe, and other
metal resources lies at the heart of the
comprehensive utilization of vanadium-—titanium
magnetite [1]. Currently, the blast furnace process is
the primary vanadium—titanium magnetite melting
process in China [2—4]. In the process of BF
smelting vanadium—titanium magnetite, the TiO»
content of the slag is typically between 22% and
25%, and it is difficult to recycle due to titanium
element dispersion in the fine mineral phases [5,6].
Additionally, because ordinary iron ore is usually
added to vanadium—titanium magnetite to decrease
slag viscosity, the mass fraction of titanium and
vanadium in slag and metal is decreased, and the
strong reducing atmosphere in the blast furnace

reduces the TiO: in the slag and generates TiC and
TiN with a high melting point, which deteriorates
the viscosity and lowers the TiO, content in the
slag [7-9]. Therefore, it is difficult to recover Ti
from blast furnace slag.

In contrast, HIsmelt smelting reduction is
better suited to smelt vanadium—titanium magnetite.
Iron ore powder, flux, and coal powder are used and
directly sprayed into the metal bath to produce hot
metal in the smelting reduction furnace (SRV) [10].
Hlsmelt avoids the adverse influence of TiO, in
vanadium—titanium magnetite on sintering processes
and it has the advantage of energy conservation and
environmental protection [11,12]. More importantly,
Hlsmelt has a weakly oxidizing slag composition
and atmosphere, which inhibits the formation of
TiC and TiN phases and increases the TiO, content
of the slag [11,13,14]. As a result, HIsmelt slag has
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a viscosity tolerance of about twice that of blast
furnace slag [15]. Furthermore, HIsmelt process has
the advantages of high hot metal quality and low
pollution emissions, making it one of the promising
ironmaking processes [16—20]. Consequently, HIsmelt
is suitable for smelting vanadium—titanium magnetite.

The stability of HIsmelt smelting vanadium—
titanium magnetite strongly depends on the flow
behavior of titanium-containing slag [5]. Previously,
many scholars have studied the influence of
temperature on the viscosity of titanium-containing
slag system. MA et al [5,7] studied the change of
slag viscosity with temperature under different TiO;
conditions, the results showed that the slag
viscosity reduced with rising temperature when the
slag basicity was 1.2, and the temperature of critical
viscosity of the slag grew with increasing TiO,
content. Many studies [21—23] have been published
on the distribution rules of vanadium and titanium
in blast furnace smelting vanadium titanium-
magnetite. JIAO et al [22] investigated the effect of
chemical composition and smelting temperature on
elemental partitioning in slag iron based on the
production data from a blast furnace. Results
showed that decreasing the operating temperature
and the carbon content in the iron contributed to
reducing the Ti distribution in the iron. ZHANG
et al [21] studied the effects of temperature, slag
composition, and slag-iron ratio on the distribution
behavior of vanadium elements, the results showed
that the wvanadium distribution ratio in slag
increased with the increase of smelting temperature
and SiO; content.

However, the HIsmelt process differs from the
blast furnace process in terms of raw material state,
smelting atmosphere, and conditions. In addition,
little has been published on the HIsmelt smelting
vanadium—titanium magnetite, and even less on the
vanadium and titanium distribution behavior of
this process. It is necessary to investigate the
distribution behavior and influencing factors of V
and Ti in Hlsmelt smelting vanadium—titanium
magnetite. Therefore, in this work, the distribution
behavior of V, Ti and Si in HIsmelt smelting
vanadium—titanium magnetite was investigated
using FactSage thermodynamic calculations, and
proposed reasonable smelting process parameters in
an actual production situation. Furthermore,
through analyzing the results of thermodynamic
calculations and experiments, the feasibility of

Hlsmelt smelting vanadium—titanium magnetite
with natural basicity was discussed, which is
beneficial to realizing a high proportion and
simultaneous recovery of V and Ti resources in
industrialized production.

2 Experimental

2.1 Thermodynamic calculations

The simplified chemical composition of
vanadium—titanium magnetite from Panzhihua,
China, was used in the calculation, and the phase
composition is shown in Fig. 1. The basicity
(Ca0/Si0;) was adjusted by varying the CaO
addition to examine the effect of basicity on the
elemental distribution ratio between slag and metal,
and then the composition of the synthesized materials
was normalized. In addition, FactSage was used to
calculate the amount of graphite required for
reduction and hot metal carburization to 4% based
on the raw material composition, as shown in
Table 1.

' — Fe;0,
¢ —FeTiO;
v —MgO

20 30 40 50 60 70
20/(°)

Fig. 1 XRD pattern of vanadium—titanium magnetite

The FactSage 8.1 thermodynamic package [24]
was used for calculation in this study. It is assumed
that all elements in the slag are present in the form
of oxides [25]. The Equilib module was chosen to
calculate the liquidus temperature of the slag and
the composition of slag and metal for vanadium—
titanium magnetite smelting by HlIsmelt, with
oxygen additions open in the calculations and the
target window parameters for the composition in
the dissolved phase were set. The viscosity module
was selected to calculate the viscosity of the slag.
Furthermore, the FactPS, Ftoxid, and Ftmisc
databases were applied to the calculations.
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Table 1 Chemical composition of materials (wt.%)
No. Basicity Total iron CaO Si0, ALOs3 MgO V205 TiO, Graphite
1 0.3 57.30 0.91 3.05 2.89 2.90 0.64 11.12 5.85
2 0.6 56.77 1.81 3.02 2.87 2.88 0.63 11.01 5.79
3 0.9 56.26 2.69 2.99 2.84 2.85 0.62 10.92 5.74
4 1.2 55.76 3.56 2.97 2.82 2.83 0.62 10.82 5.69
5 1.5 55.27 4.41 2.94 2.79 2.80 0.61 10.72 5.64

In the first stage, the equilibrium composition
of slag and metal was calculated separately, with
basicity levels ranging from 0.3 (natural basicity) to
1.5, the C content of the metal ranging from 1% to
5%, and the FeO content of the slag ranging from
1% to 7%. Based on the composition of the slag and
metal, the distribution ratios of V, Ti and Si were
calculated.

Subsequently, the liquidus temperature and
viscosity of slag were calculated according to the
composition of slag and metal obtained from the
thermodynamic calculations above. It should be
noted that the calculations do not account for
kinetics, and that in industrial production, the slag
and metal do not reach chemical equilibrium due to
smelting time constraints. Thus, the actual industrial
slag and metal may differ from these calculations,
but the trends are similar [26].

The elemental distribution was defined as
follows [27]:

_ w(MO,)

WD) (1

M
where M is the V, Ti and Si elements, w(M) and
w(MOy) are the mass fraction of the M elements in
metal and M oxides in slag individually, and Ly is
the distribution ratio of M elements [25,27].

The binary basicity (R) is defined as follows,
and w(CaO) and w(SiO,) are the mass fractions of
CaO and SiO in the slag.

R=2G0) @
w(Si0,)
2.2 Synthetic slag samples
The slag composition is based on the optimal
slag composition obtained by thermodynamic
calculation (R=0.3, w(FeO)=4%, w(MgO)=11.59%,
w(ALLO3)=11.55%, w(TiO,)=44.31%, and w(V,03)=
1.81%) to investigate the feasibility of HIsmelt
smelting vanadium—titanium magnetite with natural

basicity. The experimental reagents of CaO, SiOa,
AlO3, MgO and TiO; were roasted at 900 °C in an
argon atmosphere for 2 h, and Fe,C,04 was used to
produce FeO at 1200 °C according to the reaction:
Fe2C,04(s)=FeO(s)+CO(g)+CO2(g). The carbonate
and hydroxide in the reagents were decomposed
during the heating, which reduced experimental
error through the removal of CO, and HO.
Afterward, 45 g of synthetic slag was thoroughly
mixed and compacted under 20 MPa for the
experiment. The purity of the reagents used and
their suppliers are shown in Table 2.

Table 2 Purity of reagents and their suppliers

M;t}zr'ial Chemical Purity/% Supplier
1 CaO %8 Chefrilril:eﬁhg(r)lilud
2 Si0, 99 Cheii?fﬁhg:?ud
3 ALO;3 99 Cheiilrilcoﬁhg:ilud
4 MgO 985 Cheiillil:;ihg(r)l?ud
5 TiO, 98 chefri:ilcoﬁhgzr,l Ltd
] V0, 595 Strer(r; f}lﬁrtr(;icals
, FesCiOs 99 McLean

Biochemical Co., Ltd.

2.3 Viscosity measurements

The slag viscosity was measured by the
rotating cylinder method with the RTW-10 elevated
temperature viscometer, and the schematic diagram
is shown in Fig. 2. The slag vessel is a Mo crucible
nested in a graphite crucible, and the pre-melting
synthetic slag with basicity of 0.3 was placed in a
constant temperature zone in a tube furnace. During
the initial heating, high-purity Ar gas (99.99%) was
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Fig. 2 Schematic diagram of RTW-10 elevated temperature viscometer

blown into the AlOs tube at a rate of 3 L/min to
prevent the oxidation of FeO in the slag. The slag
was then heated up to 1600 °C at a rate of 5 °C/min
and held for 2h to homogenize the slag
composition. After this, the slag temperature was
cooled down at a rate of 3 °C/min, and the
temperature—viscosity curve was obtained by
continuously measuring the slag viscosity at a speed
of 200 r/min [5].
2.4 Quenching  experiments and
characterization

To obtain the structure and phase of the slag at
high temperatures, after the viscosity measurement,
the temperature was raised to 1500 °C and held for
half an hour. The slag sample was quickly removed
and quenched with water. The phase information of
the quenching slag samples was obtained by X-ray
diffraction (XRD, Empyrean, PANalytical).

sample

3 Results and discussion

3.1 Effects of FeO and C contents on V, Ti and Si
distribution behaviors

3.1.1 FeO content

The effects of FeO and C contents on the
distribution behavior of V, Ti and Si were
investigated during Hlsmelt smelting, where the
smelting temperature is 1450 °C and the basicities
are 0.3 and 1.2, respectively. As shown in Table 3,

as the FeO content increased from 1% to 7%, the
contents of Si, V and Ti in the hot metal gradually
decreased, and the V,0j3 content in the slag rose, but
the contents of SiO, and TiO, showed a reducing
trend. It can be interpreted as an increment in FeO
content, which raises the slag oxygen potential and
causes the elements in hot metal to oxidize. It is
worth noting that the effect of FeO on the V,03
content is more significant compared to TiO, and
Si0,, according to the trend of the oxide content.
Therefore, it is essential to control the oxygen
potential and FeO content in the HIsmelt SRV
furnace to ensure that as much vanadium as
possible is distributed into the metal [28].

Figure 3 shows the effect of FeO content and
basicity on the activity of V,03, TiO2, and SiO; in
slag during HIsmelt smelting. As shown in Fig. 3(a),
the activity of V>0s in slag rises and then decreases
with increasing FeO content, whereas the activity of
TiO; and SiO; decreases. Since FeO is the basic
oxide, improving the FeO content in slag may
reduce the activity of acidic oxides in the slag, and
the increase of V,0j; activity is caused by the rise in
V>0;3 content in the slag [29]. The activity trend of
V,0s, TiO; and SiO; is consistent with previous
studies [23,30].

Based on the calculating data in Table 3, the
equilibrium distribution ratios of V, Ti and Si were
calculated by Eq. (1). Figure 4 displays that Lv,
Lti, and Ls; increase with increasing FeO content in
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Table 3 Component of slag and metal with different FeO contents at basicity of 0.3 and 1.2 (wt.%)
R Metal Slag
Fe C Si Ti \Y% FeO A1203 MgO V203 TiOz
97.85 1.40 0.15 0.0515 0.54 1.0 13.83 13.87 0.30 52.96
98.63 0.90 0.06 0.0074 0.41 2.0 13.50 13.55 0.86 51.93
99.01 0.67 0.03 0.0025 0.28 3.0 13.28 13.32 1.32 51.07
0.30 99.25 0.53 0.02 0.0012 0.20 4.0 13.08 13.13 1.64 50.33
99.41 0.43 0.01 0.0006 0.14 5.0 12.91 12.96 1.84 49.68
99.52 0.36 0.01 0.0004 0.10 6.0 12.75 12.80 1.96 49.07
99.60 0.31 0.01 0.0002 0.07 7.0 12.60 12.65 2.03 48.49
98.80 0.76 0.0142  0.0020 0.42 1.0 12.06 12.10 0.71 46.27
99.33 0.44 0.0046  0.0003 0.23 2.0 11.85 11.89 1.36 45.47
99.55 0.31 0.0022  0.0001 0.13 3.0 11.69 11.73 1.67 44 .85
1.20 99.67 0.24 0.0013  0.0001 0.09 4.0 11.55 11.59 1.81 4431
99.74 0.19 0.0008  0.0000 0.06 5.0 11.42 11.46 1.88 43.81
99.78 0.16 0.0005  0.0000 0.04 6.0 11.29 11.33 1.91 43.32
99.82 0.14 0.0004  0.0000 0.03 7.0 11.17 11.21 1.92 42.85
0.50 8 0.25 (b)
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Fig. 3 Effects of basicity of 0.3 (a) and 1.2 (b) on V203, TiO, and SiO, activities in slag at 1450 °C

Fig. 4 Distribution of V (a), Ti (b) and Si (c) with FeO content in slag at 1450 °C

HIsmelt slag. This is due to the decrease of TiO»

and SiO; activity in the slag, and the reduction of

titanium and silicon oxides could be suppressed.

Figure 5 reveals that the viscosity and melting
temperature of slag decrease with increasing FeO
content in slag at different basicity levels during
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HIsmelt smelting, which is consistent with the
results of LI et al [31,32]. It can be speculated that
FeO has basic oxide properties, which will diminish
the polymerization of the Si—O and Al—O
tetrahedral structures and decompose their network
structure at high temperatures [29,33]. Thermo-
dynamic calculations show that higher FeO content
improves the fluidity of the slag and raises the Ti
and Si distribution, but it will oxidize vanadium
into the slag and reduce the TiO, content in the slag,
which is detrimental to the extraction of vanadium
from the hot metal and the utilization of TiO;
resources, the FeO content of the slag should
therefore be kept low.

Previous studies [28,34] have revealed that
higher FeO content and oxygen partial pressure
reduce the vanadium content in the hot metal.
Additionally, under the experimental conditions [30],
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the V content was below 0.13% when the FeO
content in the slag was higher than 4.5%.
Consequently, the FeO content of the slag should be
less than 4.5% when smelting vanadium— titanium
magnetite in HIsmelt.
3.1.2 C content

As shown in Table 4, as the C content in the
hot metal increases from 1% to 5%, a significant
amount of V,03 and TiO; is reduced into the hot
metal. This indicates that decreasing the
carburization is favorable to the recovery of
titanium resources in the slag, but not to the
vanadium extraction in the hot metal during
HIsmelt smelting vanadium—titanium magnetite.

Figure 6 illustrates that reducing C content
will ascend the V and Ti distribution during Hlsmelt
smelting vanadium—titanium magnetite, which is
generally consistent with previous studies [22]. It

0.30F
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£
21320
21290
35

0.26
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0.28
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C content/wt.%

0.24r

Viscosity/(Pa-s)

022+

0.20 +
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C content/wt.%

Fig. 5§ Changes in slag viscosity and melting temperature with FeO (a) and C (b) content

Table 4 Slag and metal components at different basicities with different C contents (wt.%)

Metal Slag

f Fe C Si Ti v FeO AlLOs MgO V203 TiO2
98.47 1.00  0.07 0.01 045 1.71 13.58 13.63 0.69 52.21

96.81 200 029 032 0.58 0.56 14.21 14.26 0.10 53.17

0.30 94.28 300 030 183 0.58 0.39 15.45 15.51 0.03 49.55
91.09 400 016 418 0.57 0.38 17.69 17.75 0.02 41.21

87.78 500 0.06 6.61 0.55 0.33 21.20 21.27 0.01 28.76

98.47 1.00  0.03 0.01 0.50 0.68 12.15 12.19 0.41 46.58

97.13 200 011 017  0.59 0.23 12.39 12.43 0.05 46.82

1.20 95.01 3.00 0.15 1.26  0.59 0.13 13.04 13.09 0.01 44.36
92.10 400 008 324 057 0.11 14.36 14.41 0.01 38.42

89.06 500 0.04 535 0.55 0.09 16.23 16.29 0.00 30.09
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Fig. 6 Changes of V (a), Ti (b) and Si (c) distribution
with C content in hot metal at 1450 °C

should be noted that as the C content increases,
the Si distribution decreases and then increases,
implying that a reasonable C content keeps the Si
content at a low level in the hot metal. In addition,
dissolved carbon in hot metal influences slag flow
characteristics indirectly by acting on slag
composition. Figure 5 displays that the slag
viscosity and melting temperature rise as the C
content increases. The carburization of the hot
metal promotes an excessive reduction reaction of
TiO; in the slag, forming TiC and TiN with high
melting points, thus deteriorating the slag fluidity.

In the process of HIsmelt smelting ordinary
iron ore, the C content in the hot metal is generally
maintained at around 4.2%, the ore fines and coal
powders react with the liquid slag and metal in a
solid—liquid equation and melt immediately after
spraying into the molten pool. If the C content of
the hot metal is excessively low, the iron, vanadium,
and other elemental oxides in the mineral powder
cannot be rapidly reduced into the hot metal, so
raising C content is conducive to improved
production efficiency. However, a higher C content
is not advantageous to the efficient utilization of
titanium resources and the control of the silicon
content in the hot metal. Based on thermodynamic
calculations, it is proposed that the carbon content
of the hot metal should be in the range of 3.5%—
4.5% in industrial production.

3.2 Effect of basicity on distribution behaviors of
V, Ti and Si

It is evident from Table 5 that as the basicity
decreases, the content of V in hot metal and TiO; in
slag grows, helping in the efficient recycling and
comprehensive utilization of vanadium and titanium
resources. As shown in Fig. 4, the slag basicity has
a positive effect on the distribution of V, Ti and Si
at 1450 °C. Furthermore, the Si content strongly
correlates with the Ti content in hot metal at
1450 °C, and the distribution rates of Si and Ti are
essentially consistent, which can be explained as Si
can reduce titanium oxides according to Eq. (3) [35].
Thus, both the Si and Ti contents of hot metal
should be controlled at a low level to inhibit the
formation of TiC and TiN.

TiO,H[Si]=[Ti]+SiO,,
AGS, =—11958.63 J/mol [36] 3)

FactSage was used to calculate the slag
viscosity and liquidus temperature at various
basicities based on the data in Tables 4 and 5.
Figure 7 shows that the viscosity of slag diminishes
with the increasing basicity, which may be
explained by the fact that CaO is a basic oxide and
the rise of free Ca* in the slag with the rising
basicity, which breaks the covalent bonds of
SiO; and AlOs and thus leads to a decrease in
viscosity [22,25]. Nevertheless, the liquidus
temperature of slag drops and then grows as the
basicity increases, and the slag with the basicity of
1.2 has the minimum liquidus temperature. Figure 8
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Table 5 Composition of slag and metal with 4% C and 4% FeO at 1450 °C (wt.%)

No. R Metal Slag
Fe C Si Ti A% FeO ALO; MgO V203 TiO,
1 0.30 91.09 4.00 0.16 4.18 0.57 0.38 17.69 17.75 0.019 41.21
2 0.60 91.46 4.00 0.13 3.85 0.57 0.23 16.42 16.48 0.012 40.20
3 0.90 91.79 4.00 0.10 3.54 0.56 0.15 15.30 15.35 0.009 39.33
4 1.20 92.10 4.00 0.08 3.24 0.57 0.11 14.36 14.41 0.008 38.42
5 1.50 92.39 4.00 0.07 2.97 0.57 0.08 13.52 13.57 0.006 37.61
6 0.30 99.25 0.53 0.0198 0.0012 0.20 4.00 13.08 13.13 1.64 50.33
7 0.60 99.46 0.38 0.0071  0.0004 0.15 4.00 12.54 12.58 1.74 48.09
8 0.90 99.59 0.29 0.0029  0.0001 0.11 4.00 12.01 12.05 1.78 46.17
9 1.20 99.67 0.24 0.0013  0.0001 0.09 4.00 11.55 11.59 1.81 4431
10 1.50 99.73 0.20 0.0006  0.0000 0.07 4.00 11.11 11.15 1.79 42.69
024} 3.3 Effect of temperature on V, Ti and Si
distribution behaviors
ozl . Previous research [37] has shown that
R B temperature has a negative effect on the vanadium
% 020} pesielly distribution. As shown in Fig. 9, the Lv, Lti, and Ls;
g decrease with increasing temperature at different
f 0.18F 1450 °C basicity levels. The rising temp.erature.pro.rnotes the
—m— 4% C reduction reaction of vanadium, titanium, and
0.16 —e— 4% FeO silicon oxides, as well as the V distribution into the
03 06 0.9 12 13 hot metal, but reduces the TiO» content of the slag.
Basicity Figure 8 shows that the liquid phase region of

Fig. 7 Changes in slag viscosity and liquidus temperature
with basicity (The calculated data are based on Tables 4
and 5)

shows the liquid phase projection of slag with
different basicities, the results reveal that the liquid
phase region expands with elevating basicity.

According to data from the HIsmelt plant in
China, the slag basicity is typically in the range of
1.1-1.2, and the slag properties are excellent.
Thermodynamic calculations show that as slag
basicity increases, utilizing vanadium and titanium
resources becomes more difficult. However, the
slag fluidity improves, and the liquidus temperature
drops and reaches the lowest level at a basicity of
1.2. Since excessive slag viscosity can result in
liquid flooding, it is advised that the slag basicity is
between 1.1 and 1.2 for the HIsmelt smelting of
vanadium—titanium magnetite. In addition, the
preferred slag and metal compositions in
thermodynamic calculations are compositions No. 4
and No. 9 in Table 5.

slags at different basicities expands with increasing
temperature. Figure 10 depicts the relationship
between the slag viscosity and temperature. It
demonstrates that the slag viscosity diminishes with
rising temperature and stabilizes in the temperature
range of 1400—1450 °C. To sum up, it is proposed
that the melting temperature of the Hlsmelt SRV
furnace is kept between 1400 and 1450 °C in
industrial production.

3.4 Feasibility of smelting vanadium—titanium

magnetite with natural basicity

The feasibility of smelting natural basicity
vanadium—titanium magnetite by Hlsmelt is
discussed. Thermodynamic calculations show that
for the vanadium—titanium magnetite with natural
basicity, the TiO; content in slag and V content in
hot metal are significantly high, which facilitates
the efficient recycling of titanium and vanadium
resources. However, Figs. 7 and 10 depict that the
natural basicity melting slag has a high viscosity
and melting temperature.
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Fig. 9 Changes in distribution of V, Ti and Si with temperature

The viscosity experiment shows that the

0901 %, —m— 4% C. R=03 viscosity of the natural basicity slag increases as the
0751 \-\ ::: 2122 1%63:113.:20 ; temperature reduces, with a steep rise and a

- \ > 4% FeO. R=12 significant inflection point when the temperature is
& 060t \ decreased to 1572—1578 °C (Fig. 11). Since the
s \ smelting temperature for HIsmelt is generally less
g 0.45r than 1500 °C [16], the natural basicity vanadium—
S titanium magnetite is not suitable for Hlsmelt
030 smelting. Furthermore, the experimental results
0151 demonstrated that FactSage could calculate the

viscosity trend of high TiO, slag [38].
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Operating temperature/ °C

Figure 12 shows the XRD pattern of the
natural basicity melting slag, and the main phase of
Fig. 10 Changes in slag viscosity with temperature natural basicity slag at 1500 °C is pseudobrookite.
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Fig. 12 XRD pattern of natural basicity melting slag

Some studies [39,40] have shown that without flux,
the pseudobrookite phase with a high melting
temperature was precipitated during ilmenite
smelting, and pseudobrookite formation was more
prominent at 1500 °C with a high content of TiO; in
the system, which is consistent with the
experimental results. In conclusion, the HIsmelt
process is not currently suitable for smelting
vanadium—titanium magnetite with natural basicity,
and further research should be conducted to
improve slag fluidity by optimizing the composition
of low basicity slag.

4 Conclusions

(1) High FeO content and basicity, and low C
content of hot metal and temperature are favorable
to improve the V and Ti distribution. However,
reducing basicity and FeO content benefit the
recovery of vanadium and titanium resources in hot

metal and slag.

(2) It is proposed that in the industrial
production of HIsmelt smelting vanadium and
titanium magnetite, the content of C in metal should
be in the range of 3.5%—4.5%, FeO content of the
slag should be less than 4.5%, the basicity is kept
between 1.1 and 1.2, and the temperature is in the
range of 1400—1450 °C.

(3) Decreasing the slag basicity can effectively
improve the TiO, content of slag, but increases slag
viscosity significantly. There are difficulties in
Hlsmelt smelting vanadium—titanium magnetite
with natural basicity, further research should be
conducted to improve slag fluidity by optimizing
the slag composition.
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