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Abstract: The effects of CaO content, MgO content and smelting temperature on the vanadium behavior during the
smelting of vanadium titanomagnetite metallized pellets were investigated. The thermodynamics of reduction and
distribution of vanadium was analyzed and the high-temperature smelting experiments were carried out. The
thermodynamic calculations show that the distribution ratio of vanadium between the slag and the hot metal decreases
with the increments of CaO and MgO content in the slag as well as the increase of the smelting temperature. The
smelting experiments demonstrate that the vanadium content in iron and the recovery rate of vanadium in pig iron
increase as the CaO content, MgO content and smelting temperature increase, whereas the vanadium distribution ratio
between the slag and iron tends to decrease. Moreover, the recovery rate of vanadium in pig iron has a rising trend with
increasing the optical basicity of the slag. The addition of MgO in the slag to increase the slag optical basicity can not
only improve the vanadium reduction but also promote the formation of magnesium-containing anosovite, which is
beneficial to following titanium extraction.
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1 Introduction

Vanadium titanomagnetite ore serves as an
important feedstock for production of vanadium [1].
Currently, the blast furnace (BF) process and the
direct reduction-electric furnace (DR-EF) process
have been commercialized to recover iron and
vanadium, but titanium cannot be
recovered cost-effectively due to low TiO, contents
of slags [1—4]. Compared with the BF process, the
DR-EF process is easier to control for the reduction
of oxides because the reductant addition can be
accurately adjusted in electric furnace, and the
DR-EF process has the advantages such as
environmental friendliness and good quality of
productions [2,3]. Therefore, the DR-EF process
should be developed to produce titanium slag for
following titanium extraction [5—10].

resource

In the DR-EF smelting process, vanadium
oxides and iron oxides are reduced to molten iron,
while titanium oxides are enriched in slag.
Vanadium-bearing molten iron is oxidized to
produce semisteel and vanadium slag; then
vanadium is extracted from the vanadium slag by
hydrometallurgy methods [1-4,11,12]. Thus,
reduction and distribution behaviors of vanadium
during the smelting of vanadium titanomagnetite by
the DR-EF process are crucial for subsequent
vanadium recovery.

Reduction and distribution behaviors of
vanadium between slag and hot metal have been
reported in many previous studies [13—26]. JUNG
et al [16] and SHIN et al [17] indicated that the
vanadium distribution ratio between slag and
molten iron increased with the increase of slag
basicity but decreased with the rise of temperature.
However, WANG et al [23] showed that the
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distribution ratio of vanadium between titanium
slag and molten iron decreased as the basicity
increased from 0.35 to 1.28. Additionally, YAN
et al [21] also indicated that high temperature, low
TiO, content and high binary basicity of slag were
beneficial to decreasing the vanadium distribution
ratio between blast furnace slag and metal.
NAN [25] proposed that high temperature and
increased basicity were beneficial to the reduction
of vanadium oxides in blast furnace hearth. The
opposite conclusion concerning the impact of slag
basicity in previous papers could be explained by
strong oxygen potential conditions in the
investigations of JUNG et al [16] and SHIN
et al [17]. Moreover, previous researchers mainly
focused on the vanadium behavior between the
metal and ordinary slag or titanium slag with a low
TiO, content. The behavior of vanadium between
molten iron and titanium slag with a high TiO,
content is still not clear.

In this study, the wused
titanomagnetite has a low silica and high titania and
the addition of CaO and MgO were applied to
adjusting slag composition. The effects of CaO
content, MgO content and smelting temperature
were analyzed thermodynamically and studied
experimentally in an electric furnace. Moreover, the
relationships among the slag optical basicity,
CaO/MgO mole ratio and vanadium distribution
ratio between the slag and the molten iron and
vanadium recovery rate in pig iron were also
discussed. These findings will support the
development of the DR-EF process for the
comprehensive utilization of vanadium titano-
magnetite ore.

vanadium

2 Experimental

2.1 Materials and methods

The raw material for producing vanadium
titanomagnetite metalized pellets used in this study
was taken from the Panxi region of China. The
metallized pellet mainly contains 71.38 wt.% total
iron, 15.53 wt.% TiO,, 0.82 wt.% V,Os and
3.71 wt.% SiO; [5]. All of chemicals and reagents
utilized of this study are of analytical grade. The
details of electric furnace and experimental steps
have been described in our previous papers [5,8].
The metallized pellet powders were prepared by

crusing the pellet and then mixed with additives
(Ca0O, MgO) and graphite. The mixture was placed
in a graphite crucible and smelted in the electric
furnace at various temperatures under the protection
of high purity argon gas. After the given smelting
duration of 20 min, the sample was removed from
the furnace and rapidly cooled under the protection
of argon gas. At last, the vanadium-bearing pig iron
and titanium slag were separated and crushed for
subsequent analysis.

2.2 Definition of parameters

(1) Vanadium distribution ratio (Ly)

The vanadium distribution ratio between the
titanium slag and the molten iron is expressed as
(V)
cn(V)

Ly = (D
where ¢y(V) and ¢y,(V) represent the contents of
elemental vanadium in the titanium slag and the
molten iron, respectively.

(2) Vanadium recovery rate (1v)

The recovery rate of vanadium in pig iron is
calculated by Eq. (2), and we also use the following
expression to analyze the distributions of V between
slag and iron:

y=— L 100% )

Wmpy * Mvip
where wy and wypy are the mass fractions of V in
pig iron and vanadium-bearing titanomagnetite
metallized pellets (wt.%), respectively; mp; and myp
are the masses of pig iron and vanadium-bearing
titanomagnetite metallized pellets (g), respectively.

2.3 Analysis and characterization

FactSage® 7.1 software [27] was adopted to
predict the distribution behavior of vanadium
during the smelting process. The “Equilib” module
with the databases “FactPS” and “FToxid” was used.
Besides, it should be mentioned that the value of
the FactSage prediction might be not very accurate
due to the insufficient thermodynamic data about
vanadium oxides in its database. Nevertheless, the
predicted trends may be correct and can be used to
guide the experiments. The chemical composition
of the titanium slag was determined by X-ray
fluorescence (XRF) technique (PANalytical, The
Netherlands). The vanadium content in the iron was
determined by chemical analysis method.
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3  Thermodynamic and

calculations

analysis

In general, vanadium is in the form of
vanadium spinel (FeO-V,0;3) in the vanadium
titanomagnetite concentrate, and its reduction
processes by solid carbon are expressed as
Reactions (3)—(5) [28]. The temperatures of these
reactions are higher than 1339.1, 2008.1 and
1375 K, respectively. The metallized pellet was
produced from the vanadium titanomagnetite
concentrate pellet by the coal-based direct reduction
in a rotary kiln at 1373 K with a C/Fe mole ratio of
1:1 for 3 h [5,8]. Therefore, it is clear that the
vanadium oxides in the metallized pellets could be
reduced to low valence vanadium oxides.

FeO-V,0;(s)+2C(s)=Fe(s)+2VO(s)+2CO(g),

AG2=426928-318.82T (3)
VO(s)+C(s)=V(s)+CO(g),
AG2=310493-154.62T 4)
VO(s)+C(s)=[VI+CO(g),
AG®=289768-210.64T (5)
(VHHO )+C=[V]+CO (6)

According to Reaction (6), it can be inferred
that the slag composition may influence the
vanadium reduction and distribution. Thus, the
effects of slag composition and smelting
temperature on the vanadium distribution ratio
between slag and metal were calculated and
discussed as follows.

3.1 CaO addition

As we know, the low valence vanadium oxides
(such as VO) are basic oxides in titanium slag
during the smelting process. According to the ionic
theory of molten slag [24], CaO is a strongly basic
oxide which can donate oxygen ion (O*") in molten
slag. For the reduction of basic oxide, increasing
slag basicity can promote the transformation of
vanadium from slag to hot metal [24]. The effect of
CaO content on the vanadium distribution ratio
between the slag and the iron was analyzed by
FactSage” software with a constant MgO content of
10 wt.% in the titanium slag and smelting
temperature of 1823 K. As shown in Fig. 1(a), the
distribution ratio of vanadium (Lvy) between the slag
and iron decreases with the increase of the CaO

content in slag. This trend is similar to previous
works [21,23].

3.2 MgO addition

The effect of MgO content on the vanadium
distribution ratio was calculated with a constant
Ca0O/Si0, mass ratio of 1.0 and smelting
temperature of 1823 K. As shown in Fig. 1(b),
the vanadium distribution ratio decreases with the
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smelting temperature (c¢) on vanadium distribution ratio

between slag and molten iron (predicted by FactSage
7.1)
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increase of the MgO content in slag. Thus, similar
to the influence of CaO, the vanadium distribution
ratio decreases as the MgO content increases. The
strength of basic oxide is related with the
electrostatic potential of cations. The lower the
electrostatic potential of cations is, the stronger the
basicity of the corresponding oxide. The CaO is
more basic than MgO due to the fact that the
electrostatic potential of Ca®* (1.89) is lower than
that of Mg*" (3.08) [28]. By comparing Fig. 1(a)
with Fig. 1(b), the effect of MgO on the vanadium
distribution is weaker than that of CaO because
CaO is more basic than MgO.

3.3 Smelting temperature

Figure 1(c) shows the effect of smelting
temperature on the distribution ratio of vanadium
under a fixed slag composition. The vanadium
distribution ratio decreases as the smelting
temperature increases. This trend can be explained
by the enhancement of endothermic reduction
(Reaction (5)) of vanadium oxides with increasing
the temperature.

4 Results and discussion

4.1 Effects of CaO content

High-temperature smelting experiments were
conducted to investigate the effects of CaO content
on the vanadium behavior during the smelting of
vanadium titanomagnetite metallized pellets. A
series of experiments were carried out at 1823 K for
20 min with 2 wt.% reductant. The experiments
were carried out in a carbon crucible with graphite
addition under high purity argon atmosphere
resulting in a very low oxygen potential during the
smelting process. As shown in Fig. 2(a), it can be
seen that the content of vanadium in the hot iron
tends to increase as the CaO content increases.
Figure 2(b) shows that the distribution ratio of
vanadium between the slag and the molten iron
decreases with increasing the CaO content. As
shown in Fig. 2(c), the recovery rate of vanadium in
pig iron also increases with an increase in CaO
content in slag. This trend is in agreement with the
above thermodynamic analysis and previous
investigations [21,23]. According to the above
thermodynamic analysis, increasing CaO content
can improve the reduction of vanadium oxides and
promote the vanadium transfer from slag to molten
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Fig. 2 Effects of CaO content in slag on vanadium

content in pig iron (a), vanadium distribution ratio (b)
and vanadium recovery rate in pig iron (c)

iron. Besides, the increase of CaO content in slag
can also reduce the viscosity and improve the
fluidity of slag, therefore strengthening the
dynamic condition of reduction reactions [29].
Thus, the increase of CaO content can improve
the thermodynamic and dynamic conditions for
the recovery of vanadium during the smelting
process.
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4.2 Effects of MgO content

The effects of MgO content on the vanadium
behavior were investigated at the smelting
temperature of 1823 K for 20 min with the
reductant addition of 2 wt.% and constant CaO
content. Figure 3(a) shows that the reduction of
vanadium oxides is promoted and the vanadium
content in the molten iron increases with the
increasing MgO content in the slag. Figure 3(b)
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Fig. 3 Effects of MgO content in slag on vanadium
content in pig iron (a), vanadium distribution ratio (b)
and vanadium recovery rate in pig iron (c)

illustrates that the vanadium distribution ratio
decreases as the MgO content
Furthermore, as shown in Fig. 3(c), the recovery
rate of vanadium in pig iron has an increase
tendency with increasing the MgO content in the
slag. This trend is consistent with the
thermodynamic analysis. The addition of MgO can
improve the thermodynamic condition to improve
the reduction of vanadium oxides during the
smelting process. Moreover, similar with CaO, the
increase of MgO in slag can also reduce slag
viscosity [29] and improve the fluidity of slag so
that promote the recovery of vanadium in pig iron.
HOWARD et al [30] showed that the presence of
MgO had no significant influence on vanadium
distribution, which was attributed to high FeO
content and too low content of MgO.

increases.

4.3 Effects of smelting temperature

The effects of smelting temperature on the
vanadium behavior were studied at a fixed slag
composition, 20 min duration and 2 wt.% reductant.
Figures 4(a) and 4(b) show that the vanadium
content in the iron increases as the smelting
temperature whereas the vanadium
content decreases after the temperature is above
1848 K. The vanadium distribution ratio decreases
when the smelting temperature increases from 1798
to 1848 K and it increases with the further increase
of temperature. Figure 4(c) shows that the recovery
rate of vanadium in pig iron increases when
the smelting temperature increases from 1798 to
1848 K, whereas it decreases at higher smelting
temperature. Previous investigations [16,17,21,26]
indicated that the vanadium distribution ratio
between slag and hot metal decreased as smelting
temperature increased. It can be explained that
increasing smelting temperature can improve the
thermodynamic conditions of recovery of vanadium
in pig However, the higher smelting
temperature will cause the over-reduction of
titanium-bearing slag, which can deteriorate the
fluidity of slag. This means the dynamic conditions
probably are bad for the recovery of vanadium at
higher temperature. Therefore, to achieve the higher
recovery rate of vanadium in pig iron, reduce
energy consumption and suppress the reduction of
titanium oxides [8], the smelting temperature
should be controlled to be not too high.

increases,

iron.
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Fig. 4 Effects of smelting temperature on vanadium
content in pig iron (a), vanadium distribution ratio (b)
and vanadium recovery rate in pig iron (c)

4.4 Effects of optical basicity

The optical basicity of the oxides melt can be
regarded as its tendency to liberate oxide ions and
has a significant influence on the oxides reduction.
Therefore, the relationship between the optical
basicity of the slag and the V behavior was
discussed to investigate the influence of slag
composition. The relationship of the optical basicity

of slag and the vanadium distribution ratio and
vanadium recovery rate in pig iron was discussed as
follows. The optical basicity [31] of the slag was
calculated as

A= z 8 g (7
=

where Ap represents the optical basicity of each
oxide [28,31], and X represents the mole fraction of
positive ion in each oxide. The optical basicity and
the mole fraction of each oxide in the slag are listed
in Table 1 and Table 2, respectively. Additionally,
previous studies [32,33] indicated that the
vanadium oxide did not contribute to the optical
basicity of the melts, and the vanadium oxide
content in the slag is very tiny. Thus, the vanadium
oxide was ignored in the calculation of the optical
basicity of the slag in the present study.

Table 1 Optical basicity of each oxide
Oxide CaO Si0,  MgO  TiO,
Ag 1.00 0.48 0.78 0.61

AlLO;
0.605

As illustrated in Fig. 5(a), the vanadium
distribution ratio between the slag and the molten
iron decreases as the optical basicity increases.
Figure 5(b) shows that there is an increase tendency
in the recovery rate of vanadium with the increase
in the optical basicity of slag. It can be explained
that the free oxygen ion (O%) in the slag increases
as the optical basicity increases, which is beneficial
to the reduction of vanadium oxides from the
thermodynamic view. Consistently, the previous
studies [21,23] also showed that the increase of
basicity could improve vanadium oxide reduction
and decrease vanadium distribution ratio between
titanium  slag However,
investigators [14,18,26] reported that the increasing
slag basicity suppressed the reduction of vanadium
oxide and increased the vanadium distribution ratio
between slag and metal. This difference might be as
a result of a very high range of FeO used and high
oxygen potential in their investigations. Under the
high oxygen potential condition, the vanadium
oxide would exist as high valence vanadium oxide
(such as V,0s), which is an acidic oxide and could
cause the opposite conclusion to this study (low
valence vanadium oxide in slag under low oxygen
potential) according to thermodynamic analysis.
Furthermore, the increase of optical basicity of slag

and metal. some
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Table 2 Mole fractions of each oxide in slag and corresponding optical basicity
Mole fraction of oxide/%
No.  Temperature /K - - Optical basicity
CaO 8102 MgO V203 T102 A1203
Cl1 1823 5.755 18.551 19.714 0.429 44.239 11.312 0.6133
C2 1823 15.004 16.050 15.244 0.254 44.296 9.150 0.6332
C3 1823 16.618 15.317 15.313 0.156 43.662 8.933 0.6381
C4 1823 16.927 14.957 14.947 0.202 44.599 8.369 0.6391
Cs 1823 17.100 14.350 14.373 0.0493 45.882 8.246 0.6398
Co6 1823 17.688 14.694 14.585 0.103 44.481 8.448 0.6409
M7 1823 16.926 14.956 14.946 0.208 44.597 8.368 0.6391
M8 1823 16.469 14.794 16.458 0.140 43.695 8.444 0.6399
M9 1823 15.912 14.273 18.020 0.155 43.579 8.061 0.6413
M10 1823 15.480 13.668 21.043 0.080 42.398 7.331 0.6449
Ml1 1823 14.724 13.499 23.263 0.0711 41.043 7.399 0.6459
100
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Fig. 5 Effect of optical basicity of slag on vanadium distribution ratio (a) and vanadium recovery rate in pig iron (b)

will increase the O® ion amounts in molten slag,
thus improving the fluidity of slag and the dynamic
conditions of recovery of vanadium in pig iron.

4.5 Effect of CaO/MgO mole ratio

The above results indicated that the increase of
the slag optical basicity and the smelting
temperature  could decrease the vanadium
distribution ratio between the slag and iron and
increase the recovery rate of vanadium in pig iron.
The vanadium reduction was improved by adding
CaO and MgO in the slag, as well as increasing the
smelting temperature. Furthermore, the extraction
of titanium resource from the enriched titanium slag
should be considered to achieve the comprehensive
utilization of vanadium titanomagnetite. The main
Ti-bearing phase is important for titanium
extraction by acid leaching due to different acid

solubilities of titanates. It is proven that increasing
the proportion of MgTi,Os phase in titanium slag
results in a higher acid solubility ratio due to its
good acid solubility [34], whereas CaTiO; has a
poor acid solubility [35]. Moreover, the increment
of MgO content in titnaium slag is beneficial to
MgTi,0s formation and the CaO addition prefers to
CaTiO; formation. Reducing CaTiO; proportion
and increasing MgTi,Os in slag is beneficial to
titanium extraction by acid leaching. Therefore, the
effects of the mole ratio of CaO/MgO on the
vanadium distribution ratio and recovery rate of
vanadium in pig iron are shown in Fig. 6.

As illustrated in Fig. 6, the vanadium
distribution ratio decreases when the CaO/MgO
mole ratio increases from about 0.4 to 0.8, and then
it has insignificant changes with the further increase
of the CaO/MgO mole ratio. This trend could be
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Fig. 6 Effects of CaO/MgO mole ratio in slag on
vanadium distribution ratio (a) and vanadium recovery
rate in pig iron (b)

explained by the thermodynamic improvement of
reduction of vanadium oxides with an increment of
CaO/MgO mole ratio; on the other hand, the
CaO/MgO additions simply improved the slag
viscosity in this high titania slag and thereby made
it easy for the reduction of vanadium oxides (Vox)
and improved the dynamic conditions. Furthermore,
with the limited addition of CaO, MgO can be
added during the smelting process for the
promotion of the vanadium reduction. In conclusion,
both CaO and MgO are basic oxides, and adding
MgO to increase the optical basicity of titanium
slag can not only improve the recovery of vanadium
in pig iron but also be beneficial to titanium
extraction by acid leaching.

5 Conclusions

(1) The reduction and distribution behaviors of
vanadium during the smelting of vanadium

titanomagnetite metallized pellets were studied. The
thermodynamics of additions of CaO and MgO and
smelting temperature on the reduction and
distribution of vanadium was analyzed and the
various high temperature smelting experiments
were conducted.

(2) The thermodynamic analysis indicated that
increasing CaO content, MgO content or optical
basicity in slag can improve the recovery of V in
pig iron from the viewpoint of thermodynamics.
The results of experiments showed that the
additions of CaO and MgO in the high titania slag
could improve the reduction of vanadium oxides
and increase the recovery rate of vanadium in pig
iron. The smelting temperature should not be higher
than 1848 K to suppress the reduction of titanium
oxides and achieve high recovery rate of vanadium
in pig iron.

(3) The distribution ratio of vanadium between
the high titania slag and the molten iron trended to
decrease and the recovery rate of vanadium in pig
iron trended to increase as the slag optical basicity
increased. With the limited addition of CaO, adding
MgO to increase the optical basicity of titanium
slag could not only improve the recovery of
vanadium but also be beneficial to titanium
extraction by acid leaching.
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