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Abstract: Production data from a vanadium (V)-con-
taining titaniferous magnetite (VTM) smelting blast fur-
nace (BF) ironmaking plant and a V-recovering basic
oxygen furnace (BOF) shop were collected over a period
of 1 year. The corresponding thermodynamics was ana-
lyzed in terms of V reduction in the BF operation and V
oxidation in the BOF operation. The thermodynamic cal-
culations were performed using the software Multi-Phase
Equilibrium (MPE), in which generalized central atom
model was introduced into the description of molten
slag and applied for the slag database. The effects of
operating conditions on V distribution ratios between
slag and hot metal/semi-steel were analyzed and com-
pared with the plant data. The simulated results could
reproduce the variation of V distribution ratios with slag
temperature and composition and provide the guidance
for operators to control V distribution behavior for the
better process operation.

Keywords: V-containing titaniferous magnetite, blast fur-
nace, basic oxygen furnace, V distribution ratio, GCA
model

1 Introduction

Vanadium (V), one of the key alloying elements in the
steel industry, is widely distributed in the Earth’s crust
with an average content of 0.02%. According to the sta-
tistics, more than 80% of the produced V metal are
extracted from V-containing titaniferous magnetite (VTM)
worldwide. In China, the VTM in Panzhihua-Xichang and
Chengde regions is not only the source of iron ore but also
the main raw material for V extraction [1,2]. The main route
for extracting V from VTM has three stages [3,4]. At Stage 1,
V in VTM is reduced into hot metal in blast furnace (BF)
operation. The V-containing hot metal is oxidized to make a
V-rich slag and semi-steel in basic oxygen furnace (BOF) at
Stage 2. V is extracted from the V-rich slag through hydro-
metallurgy at Stage 3. In order to maximize V extraction, it
is of great importance to develop a greater understanding of
V distribution behavior between slag and hot metal/semi-
steel in the BF and BOF operations.

Over the past few decades, some scholars have inves-
tigated V distribution behavior for multi-component V-con-
taining slags equilibrated with molten steel or hot metal. V
distribution ratios were measured for CaO–MgO–FeOx–SiO2

slags and molten steel by Inoue and Suito [5] and Selin [6],
CaO–SiO2–MgO–Al2O3 slags and molten steel by Shin et al.
[7], CaO–SiO2–Al2O3–MgO–TiO2 slags and hot metal by
Andersson et al. [8], and CaO–SiO2–Al2O3–MgO–TiO2–V2O3

slags and hot metal by Wang et al. [9]. However, the limited
experimental data are insufficient to understand the com-
plexmolten slag–metal reactions, and none of these studies
could give the well-accepted correlation for V distribution
behavior between slag and hot metal/molten steel in terms
of composition and temperature.

For the purpose of understanding the slag–metal reac-
tions more fully within the limited experimental data, the
thermodynamic model based on the accurate database,
known as the Calphad method, has been developed in
recent years based on the reliable published thermody-
namic data [10]. Generalized central atom (GCA) model,
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jointly developed by ArcelorMittal and the Commonwealth
Scientific and Industrial Research Organisation (CSIRO),
was one of the recent progresses in this domain [11–14].
GCA model is derived from central atom (CA) model and
Cell Model. On the one hand, GCA model continues the
basic concept of CA model by describing liquid structure
with a central atom and its nearest neighbors, but GCA
model extends to cover molten oxides. On the other hand,
GCA model has the same types of model parameters, cell
formation energy, and cell interaction energy, with Cell
Model, and GCA model completely inherits the binary para-
meters of Cell Model. The recent collaborative research
between ArcelorMittal and CSIRO has assessed GCA model
parameters for V-containing slags in the system of SiO2–A-
l2O3–FeOx–MnO–MgO–CaO–Na2O–K2O–P2O5–TiOx–CrOx–
VOx–S–CaF2, and the slag database has been implemented
in the thermodynamic package called Multi-Phase Equili-
brium software for the thermodynamic calculation of
metallurgical systems.

Considering the high temperature, high pressure, and
intense smelting conditions of BF and BOF operations, the
slag and hot metal/semi-steel phases are believed to be
close to reach equilibrium in BF hearths and BOF conver-
ters, and thus, the pyrometallurgy process could be simu-
lated by the thermodynamic model. In the present study,
GCA model was used to study V distribution behavior
between slag and hot metal/semi-steel. Production data
from a VTM smelting BF ironmaking plant and a V-reco-
vering BOF shop were collected over a period of 1 year. The
simulated results were compared with the plant measure-
ments and provided the guidance for operators to control
V distribution ratios for the better process operation.

2 GCA model

The detailed introduction of GCA model can be found in
the previous studies [11–14]. The general description of
this model is given in the following.

GCA model describes the liquid structure in terms of
cells composed of a central atom and its shell of nearest
neighbors. Around the central atom, there are neigh-
boring atoms on the cationic and anionic shells, respec-
tively. In a multi-component system, the cell is shown as

i1, i2,… ik,… it Atoms on cationic shell
J Central atom
jt + 1, jr,… jm Atoms on anionic shell

Instead of the pair interaction in Cell Model, GCA
model considers the interaction between the central atom
and its neighbors and thus provides a better description of
short-range ordering phenomenon in liquid phase.

In a similar way to Cell Model, the network-breaking
reaction in GCA model can be represented as follows:

( ) ( )− − + − − → − −k J k l J l k J l1
2

1
2

, (1)

where J represents the central atom, and k and l represent
the neighboring atoms. The total energy of a cell is
written with two sets of parameters: the cell formation
energy φkl

J and the cell interaction energy Ekl
J . For the

metallurgical slags, both φkl
J and Ekl

J are inherited from
Cell Model, but more sophisticated and flexible interac-
tion parameter terms can be introduced into the GCA
model to overcome the limitation of Cell Model.

During the database development, the parameters of
the formation energy and interaction energy are assumed
to have a linear variation with the composition:

= + ⋅φ φ φ x ,kl
J

kl
J

kl
J

k
0 1 (2)

= + ⋅E E E x ,kl
J

kl
J

kl
J

k
0 1 (3)

where xk is the mole fraction of cations #k. The formation
energy parameters ( φkl

J0 , φkl
J1 ) and interaction energy para-

meters ( Ekl
J0 , Ekl

J1 ) are optimized against the published ther-
modynamic data of the target system.

3 Evaluation of GCA model

Before applying in the thermodynamic analysis of V distribu-
tion behavior in BF and BOF, the GCA model was evaluated
by comparing the calculated V activities in V-containing
slags with the published experimental measurements. The
V activities in multi-component V-containing slags have
been investigated in a number of studies [5–9,15], which
are summarized in Table 1. These slags within the system
of CaO–SiO2–MgO–FeOx–Al2O3–TiO2–VOx were in equili-
brium with hot metal, molten steel, or solid platinum
metal. Except that the slag in Dong et al.’s study [15]
was equilibrated with a CO–CO2–Ar gas mixture with fixed
oxygen partial pressure, the slags in the other studies
[5–9] are saturated with metal iron. Thus, the oxygen
potential in the slags is expected to be low, and V in the
slags should exist as V3+ dominantly.

The VO1.5 activity (solid VO1.5 standard state) in slag
was calculated according to the following reaction [15]:
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(+ =

( ) )

V 3
4

O VO ,s 2 1.5 s (4)

( )= − + ⋅

−GΔ 600,405 112.97T J mol .θ 1

The VO1.5 activity was related to the V activity, the
oxygen potential, and the Gibbs energy of the reaction.
The V activity and the oxygen potential in the published
studies could be determined based on their corresponding
experimental conditions.

Inoue and Suito [5] investigated the V distribution
between CaO–SiO2–MgO–FeOx slag and molten steel in
the temperature range of 1,550–1,650°C. Selin [6] mea-
sured the MgO solubility in CaO–SiO2–MgO–FeOx slag
and the V distribution between MgO-saturated slag and
molten steel at 1,600°C. Both reported the slag composi-
tion and the V and O contents in molten steel after equili-
bration. Considering the V in metal is less than 100 ppm,
the V activity (1 wt% V in metal as standard state) can be
approximated to be the V content in metal. The intercon-
version of V activity in the standard states of solid V and
1 wt% V in metal was based on the following reaction [16]:

[ ]=

( )

V V ,s (5)

( )= − − ⋅

−G TΔ 20710 45.6 J mol .θ 1

The oxygen potential of the system was determined
according to the measured oxygen content in molten
steel. The O content measured in molten steel was less
than 0.2 wt%, and the calculation using the steel alloy
model showed that O activity (1 wt% O in metal as stan-
dard state) can be approximated to be the weight percen-
tage of O in molten steel. The measured O content/
activity was converted to oxygen partial pressure by the
following reaction [16]:

[ ]( ) =

1
2

O O ,g2 (6)

( )= − − ⋅

−GΔ 117,150 2.89T J mol .θ 1

Figure 1 shows the comparison of the oxygen partial
pressure p(O2) calculated based on the [Fe]/(FeO) equili-
brium between slag and metal with the measured O content

in the metal. The good agreement between the model cal-
culation and experimental data confirms that the slag and
metal are very close to the equilibrium.

Shin et al. [7] studied the equilibrium distribution of
V between CaO–SiO2–MgO–FeOx–Al2O3 slag with dif-
ferent basicities and molten steel under an inert atmo-
sphere in the temperature range of 1,600–1,700°C. Only
the V content was reported in molten steel. The V activity
(1 wt% V in metal as standard state) was approximated to
be the V content in molten steel, and the oxygen potential
could only be calculated based on the [Fe]/(FeO) equili-
brium. However, the FeO content in slag was only 1–2 wt%,
and the calculated oxygen potential was expected to have
high uncertainty.

Andersson et al. [8] investigated the V distribution
between CaO–SiO2–MgO–Al2O3–TiO2 slag and C satu-
rated hot metal tapped from a commercial BF. Wang
et al. [9] measured the V distribution between CaO–
SiO2–MgO–Al2O3–TiO2 slag with 57 wt% TiO2 and C satu-
rated hot metal. Both reported the detailed compositions
of slag and hot metal. The V activity (1 wt% V in metal as
standard state) was calculated using Wagner’s

Table 1: Summary of the published studies of the multi-component V-containing slags

References Temperature (°C) Slag system Metal

Inoue and Suito [5] 1,550–1,650 CaO–SiO2–MgO–FeOx–VOx Fe–V
Selin [6] 1,600 CaO–SiO2–MgO–FeOx–VOx Fe–V
Shin et al. [7] 1,600–1,700 CaO–SiO2–MgO–FeOx–Al2O3–VOx Fe–V
Andersson et al. [8] 1,450–1,500 CaO–SiO2–MgO–Al2O3–TiO2–VOx Fe–C–V
Wang et al. [9] 1,500 CaO–SiO2–MgO–Al2O3–TiO2–VOx Fe–C–V
Dong et al. [15] 1,530–1,650 CaO–SiO2–MgO–Al2O3–VOx Pt–V
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Figure 1: Comparison of the calculated oxygen particle pressure p
(O2) with the experimental measurements [5,6].
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formalism. Although the O content in hot metal was not
reported, the oxygen potential could be calculated based
on the [Si]/(SiO2) equilibrium. The Si activity (1 wt% Si in
metal as standard state) was calculated using Wagner’s
formalism as well. The interconversion of Si activity in
the standard states of liquid Si and 1 wt% Si in metal was
based on the following reaction [16]:

[ ]( ) =Si Si ,l (7)

( )= − − ⋅

−GΔ 131,500 17.16T J mol .θ 1

Dong et al. [15] equilibrated CaO–SiO2–MgO–Al2O3–VOx

slag with solid platinummetal under a CO–CO2–Ar gas mix-
ture at the temperatures of 1,530, 1,600, and 1,650°C. The
data of V activity and oxygen potential were reported, and
the oxygen potential was controlled by adjusting the com-
position of the gas mixture.

Figure 2 shows the comparison of the calculated
VO1.5 activities in various slags by the GCA model with
the experimental measurements. Apart from the data
from Shin et al. [7], there is reasonably good agreement
between the model calculation and the experimental
measurements over several magnitudes range of VO1.5

activities. The data from Shin et al. [7] were systemati-
cally underestimated. As mentioned above, the oxygen
potential in their study could only be calculated based
on the [Fe]/(FeO) equilibrium although the FeO content
in slag was very low. The high uncertainty of oxygen
potential might impact the calculated VO1.5 activities. In
spite of this, the close agreement between the calculated
results and the published data reflects that GCA model
basically has a high reliability for describing the multi-

component V-containing slags within a wide range of
operating conditions.

4 Thermodynamic analysis of V
distribution behavior between
slag and hot metal

4.1 Analysis of VTM smelting BF
operating data

The first stage of V extraction from VTM is to reduce V
into hot metal in the BF operation. In this study, the
operating data of VTM smelting BF were collected from
Pangang Group Xichang Steel & Vanadium Co. Ltd. over a
period of 1 year (2021–2022). The VTM smelting BF with
an inner volume of 1,750m3 operated at a productivity of
2.4 t·(m−3·day−1), and the slag rate was about 550 kg·t−1.
The average coke and coal consumption rates were main-
tained at 450 and 100 kg·t−1, respectively. The tempera-
ture of hot metal was in the range of 1,405–1,495°C, with
an average of approximately 1,455°C. Figures 3 and 4
show the compositions of slag and hot metal produced
over the 1 year. Here, the V2O5 content is only used to
denote the V content in the slag. The V2O5 content in the
slag varied from 0.2 to 0.4 wt%, and the V content in the
hot metal was between 0.3 and 0.4 wt%. The composi-
tions of slag and hot metal are listed in Table 2. According
to the slag rate and the average compositions, it was
calculated that more than 90 wt% of the total charged
V in the slag was reduced into the hot metal, while the
balance remained in the slag. The TiO2 content in the slag
could reach above 20 wt%, and the exorbitant TiO2 con-
tent might promote the formation of Ti carbonitride
to largely increase the slag viscosity. The MgO and
Al2O3 contents in the slag remained at around 9.5 and
14.5 wt%, respectively. A moderate amount of MgO
and Al2O3 in the slag could balance the slag basicity
and improve the slag flowability to promote the reac-
tions between slag and hot metal.

4.2 Thermodynamics of V reduction

V in VTM can be reduced by C to generate metallic V and
dissolve into hot metal. V in BF slags is expected to be
existed as V2O3 dominantly given the strong reducing
condition in BF hearths. Assuming that the reactions
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Figure 2: Comparison of the calculated VO1.5 activities in various
slags by GCA model with the experimental measurements [5–9,15].
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occurring in BF hearths are close to equilibrium, the
reduction of V2O3 between the interface of slag and hot
metal can be described as the following reaction [17]:

( ) [ ] [ ]( ) ( )=+ +

1
2

V O 3
2

C V 3
2

CO ,2 3 l g (8)

( )= − + ⋅

−GΔ 185,815 59.74T J mol .θ 1

The corresponding equilibrium constant K1 of the
reaction can be described as the following equation:

( [ ]) ( )

( [ ])
( )

=

⋅ ⋅ /

⋅ ⋅ ⋅

K
f P P

γ x f

%V

%C
,V

θ
1

%, CO
3
2

V O V O
1
2 %,C

3
2

2 3 2 3

(9)

where f%,V, f%,C, and γV O2 3
are the activity coefficients of V

and C in hot metal and V2O3 in slag, respectively; [ ]%V
and [ ]%C are the mass fractions of V and C in hot metal;
PCO is the equilibrium partial pressure of CO; Pθ is the
standard gas pressure; and xV O2 3 is the mole fraction of
V2O3 in slag. The equilibrium partial pressure of CO in BF
is usually assumed close to 1 atmosphere at the interface
of slag and hot metal phases [18]. In order to calculate the
V distribution ratio between slag and hot metal, the
methods for determining the activity coefficients of V
and C in hot metal and V2O3 in slag are described in the
following.
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The activity coefficients of V and C in hot metal can be
obtained using Wagner’s model, which has been widely
used for calculating the activity coefficients of elements in
alloy phases [19]. The activity coefficients f%,V and f%,C can
be determined by the following equations:

[ ]
∑

=f e ilog % ,i
%,V V (10)

[ ]
∑

=f e ilog % ,i
%,C C (11)

where e i
V and e i

C are the interaction coefficients, and [ ]i%
represents the mass fractions of elements in hot metal.
Table 3 lists the interaction parameters used for calcu-
lating the interaction coefficients.

The activity coefficient of V2O3 in slag can be calcu-
lated by GCA model with a broad range of oxide species:
SiO2, Al2O3, FeO, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5,
TiO2, T2O3, CrO, Cr2O3, V2O3, V2O5, and other minors. The
reliability of describing the multi-component V-containing
slag system by GCA model has been evaluated through
comparing the calculated V activities with the published
experimental measurements in the above.

4.3 Effects of operating conditions on V
distribution between slag and hot metal

The V distribution ratio between slag and hot metal
( )

-

L V S HM is defined as the following equation:

( )

[ ]
( ) =

-

L V
%V

%V
,S HM

slag

hot metal
(12)

where ( )%V slag and [ ]%V hot metal represent the mass frac-
tions of V in slag and hot metal, respectively. The plant

measurement of ( )
-

L V S HM under various operating condi-
tions was determined using the operating data of VTM
smelting BF shown in Figures 3 and 4. At the same
time, with GCA model and the comprehensive slag data-
base in MPE, the impact of each individual operating
condition on ( )

-

L V S HM was simulated and evaluated by
retaining the other conditions constant at the average
compositions shown in Table 2. As shown in Figure 5,
the calculated results were compared with the corre-
sponding plant measurements under similar conditions.
The calculated trend was confirmed by the plant data
although the plant data are quite scattered due to the
fluctuation of the operating conditions and slag and hot
metal chemistries from heat to heat. The calculated results
can help quantifying the impact of each individual oper-
ating condition.

Figure 5(a) shows the variation of ( )
-

L V S HM as a func-
tion of temperature. The value of ( )

−

L V S HM drops with
increasing temperature because the equilibrium constant
of V2O5 reduction reaction K1 has a positive correlation
with temperature. It means that raising smelting tem-
perature thermodynamically favors more V retain in the
hot metal. In actual production, however, the average hot
metal temperature of the VTM smelting BF is lower than
that of a conventional BF. The reason for lowering the
temperature is to lessen the reduction of TiO2 and then
to limit the formation of high-melting Ti carbonitride. The
high-melting compound can dramatically enhance the
viscosity of slag and make the separation of slag and
hot metal more difficult.

Figure 5(b) shows the variation of ( )
-

L V S HM as a func-
tion of CaO/SiO2 ratio. The CaO/SiO2 ratio in the BF slag is
basically between 1.02 and 1.12. Both the calculated
results and plant data confirm that the value of

Table 2: Compositions of slag and hot metal in the VTM smelting BF

Slag Hot metal

Composition CaO SiO2 V2O5 TiO2 MgO Al2O3 C Si Mn P S V Ti

Ave./wt% 25.7 24.1 0.31 21.1 9.57 14.5 4.41 0.21 0.25 0.08 0.08 0.34 0.25
Min./wt% 24.6 23.0 0.18 18.7 7.84 12.9 3.74 0.04 0.12 0.06 0.05 0.23 0.05
Max./wt% 27.3 26.1 0.68 22.8 10.58 16.0 5.00 0.57 0.40 0.10 0.16 0.42 0.49

Table 3: Values of interaction parameters

Elements C Si Mn P S Ti V

eV
i −0.34 0.042 0.05 −0.008 −0.028 — 0.015

eC
i 0.14 0.08 −0.012 0.051 0.046 0.08 −0.077

6  Yang He et al.



( )
-

L V S HM is not sensitive to the narrow range of CaO/SiO2

ratio in the BF slag. Even so, a slight rise of ( )
-

L V S HM with
the increasing CaO/SiO2 ratio can be found according to
the calculated results. The study by Inoue and Suito
showed that there was a positive correlation between
V5+/(V3+ +V4+) and basicity in the V-containing slag, which
means that V transforms to high valence with the increase
in basicity. The increase proportion of V5+ will reduce the
activity of V in slag since the interaction between basic
oxide CaO and acid oxide V2O5 is strong, which is not ben-
eficial to the reduction of V into hot metal.

Figure 5(c) shows the variation of ( )
-

L V S HM as a func-
tion of C content in the hot metal. The calculated results
indicate an obvious decline trend with increasing C con-
tent, while the trend in plant data is not that obvious. The
measured plant data were obtained under the various con-
ditions. The temperature with a range of 1,430–1,480°C
may influence/mask the relation between ( )

-

L V S HM and
the C content in the hot metal. According to the thermo-
dynamic analysis, the effect of C content in hot metal on

( )
-

L V S HM mostly results from variations of the activity coef-
ficients f%,V and f%,C. As shown in Table 3, the interaction
parameter between C and V is negative, while the self-
interaction parameter of C is positive. Thus, the increasing
C content in hot metal can reduce the value of f%,V but
raise that of f%,C, which further leads to the decrease of

( )
-

L V S HM . It suggests that increasing the C content in hot
metal could be an effective measure to raising the reduc-
tion of V into hot metal.

5 Thermodynamic analysis of V
distribution behavior between
slag and semi-steel

5.1 Analysis of V-recovering BOF
operating data

The duplex melting process of BOF is adopted for the
steelmaking with V-containing hot metal. First, the V-
containing hot metal is selectively oxidized in the BOF
operation to cause the V re-distributing between slag and
semi-steel, and the V-rich slag can be used in further
treatment to recover V in the form of various chemicals.
Then, the semi-steel is used for the conventional BOF steel-
making process to reduce carbon content and increase tem-
perature. Likewise, the operating data of V-recovering BOF

Measured: 1430-1480 oC, TiO2=20-22 wt%, MgO=9-10 wt%, Al2O3=14-15 wt%
Calculated: 1430 oC, TiO2=21.1 wt%, MgO=9.57 wt%, Al2O3=14.5 wt%
Calculated: 1455 oC, TiO2=21.1 wt%, MgO=9.57 wt%, Al2O3=14.5 wt%
Calculated: 1480 oC, TiO2=21.1 wt%, MgO=9.57 wt%, Al2O3=14.5 wt%
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Figure 5: Variation of V distribution ratio between slag and hot metal
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L V S HM as a function of (a) temperature, (b) CaO/SiO2 ratio, and (c)
C content in hot metal.
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were collected fromPangangGroupXichangSteel&Vanadium
Co. Ltd. over a period of 1 year (2021–2022). This steel plant
has two 200 t BOFs for V extraction and two 200 t BOFs for
steelmaking. The average temperature of input hot metal

was 1,300°C. The temperature of output semi-steel was in
the range of 1,320–1,410°C, with an average of 1,360°C.
Figures 6 and 7 show the compositions of final V-rich
slag and semi-steel over the 1 year. The oxygen was blown
into the hot metal to oxidize V and form slag with 12–22wt%
V2O5 and semi-steel with less than 4wt% C. Table 4 lists
the compositions of slag and semi-steel. Compared with
the composition of hot metal in Table 2, the elements of C,
V, Ti, and Mn were oxidized in different degrees. In the V
extraction process, the oxidation of elements will release a
large amount of heat to make the temperature of molten
bath increase rapidly. When the temperature of molten
bath is higher than the critical temperature for the oxida-
tion of C and V, the massive oxidation of C will restrain the
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oxidation of V. Thus, the temperature should be controlled
by adding cold charge to delay the C–O reaction.

5.2 Thermodynamics of V oxidation

V in hot metal can be oxidized by FeO to generate V oxides
and dissolve into slag phase. V may exist in various forms
in oxide phases depending on oxygen potential, tempera-
ture, composition, etc. According to the previous studies
[20-22], V3+ should be the predominant V oxidation state
for the slag saturated with metal iron because the oxygen
potential and the basicity are relatively low in this situa-
tion. Assuming that the reactions occurring at the interface
of slag and semi-steel are close to equilibrium, the extrac-
tion of V can be described as the following reaction [23]:

[ ] ( ) ( ) [ ]+ = +

( ) ( )

2 V 3 FeO V O 3 Fe ,s 2 3 s (13)

( )= − + ⋅

−GΔ 390,480 149.58T J mol .θ 1

The corresponding equilibrium constant K2 of the
reaction can be described as the following equation:

( [ ]) ( )
=

⋅ ⋅

⋅ ⋅ ⋅

K
γ x a

f γ x%V
,2

V O V O Fe
3

%,V
2

FeO FeO
3

2 3 2 3 (14)

where f%,V, γFeO, and γV O2 3
are the activity coefficients of V

in semi-steel and FeO and V2O3 in slag, respectively; xV O2 3

and xV O2 3 are the mole fractions of V2O3 and FeO in slag;
aFe is the activity of Fe in semi-steel; and [ ]%V is the mass
fraction of V in semi-steel. The value of f%,V in semi-steel
can be determined by Wagner’s model as mentioned
above, and those of γFeO and γV O2 3

calculated by GCA
model and the comprehensive slag database in MPE.

5.3 Effects of operating conditions on V
distribution between slag and semi-
steel

The V distribution ratio between slag and semi-steel
( )

−

L V S SS is defined as the following equation:

( )
( )

[ ]
=

-

-

L V
%V

%V
,S SS

slag
⁎

semi steel
(15)

where ( )%V slag
⁎ and [ ]

-

%V semi steel represent the mass frac-
tions of V in final V-rich slag and semi-steel, respectively.
The plant measurement of ( )

−

L V S SS under various oper-
ating conditions was determined using the operating data
of V-recovering BOF shown in Figures 6 and 7. Similarly,
the impact of each individual operating condition on

( )
−

L V S SS was simulated and evaluated by retaining the
other conditions constant at the average compositions
shown in Table 4, using GCA model and the comprehen-
sive slag database in MPE. Figure 8 shows the compar-
ison between the calculated results and the corresponding
plant measurements under similar conditions. The calcu-
lated results could reproduce the variation of ( )

−

L V S SS with
slag temperature and composition.

Figure 8(a) shows the variation of ( )
−

L V S SS as a func-
tion of temperature. Like the variation trend shown
in Figure 5(a), the value of ( )

−

L V S SS at the stage of
making V-rich slag also drops with increasing temperature.
It reflects that operating at low temperature benefits removing
more V into the slag phase. In addition, the purpose of
keeping the temperature relatively low at this stage is to pre-
serve the C in the semi-steel as much as possible while oxi-
dizing V into the slag at the same time. According to the
Ellingham diagram, V2O3 can be reduced to V metal by C at
1,400°C and above. As a result, keeping the temperature
under 1,400°C is expected to minimize the reduction of
V2O3 to V metal by C.

Figure 8(b) shows the variation of ( )
−

L V S SS as a func-
tion of CaO/SiO2 ratio. The value of ( )

−

L V S SS decreases
with the increasing CaO/SiO2 ratio, which agrees with
the plant data. This trend is opposite to the trend shown
in Figure 8(b) for the BF operation. The difference should
be due to the significant difference in the chemistry of BF
slag and V-rich slag. By comparison, the CaO/SiO2 ratio in
the V-rich slag is much lower than that in the BF slag. As
mentioned above, V5+/(V3+ +V4+) has a positive correla-
tion with basicity, and thus, V3+ should be the predomi-
nant V oxidation state for V-rich slag saturated with
semi-steel. In this situation, the increase in basicity will
raise the activity coefficient of V2O3 γV O2 3

, which results in

Table 4: Compositions of slag and semi-steel in the V-recovering BOF

Slag Semi-steel

Composition CaO SiO2 V2O5 TiO2 MgO Al2O3 MnO FeO C Si Mn P S V Ti

Ave./wt% 2.13 13.3 15.3 11.7 1.81 1.96 8.00 34.1 3.59 0.17 0.04 0.08 0.08 0.05 0.010
Min./wt% 0.47 8.84 9.39 7.91 1.05 1.02 6.09 22.5 2.88 0.03 0.01 0.04 0.02 0.01 0.001
Max./wt% 8.49 21.0 21.8 16.7 7.78 7.12 11.4 42.3 4.47 0.53 0.13 0.12 0.16 0.12 0.053
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the decrease of ( )
−

L V S SS according to the thermodynamic
analysis. Therefore, an appropriate decrease in basicity
will benefit the oxidation of V into V-rich slag phase for
the BOF operation.

Figure 8(c) shows the variation of ( )
−

L V S SS as a func-
tion of FeO content in the V-rich slag, and the value of

( )
−

L V S SS goes up with the increasing FeO content. As the
oxidant for the V oxidation reaction, the increase of FeO
content in slag will raise the activity of FeO; hence, we
increase the oxygen potential to promote the oxidization
of V into slag. In addition, there is a strong interaction
between FeO and V2O3, and FeO tends to combine with
V2O3 to form the spinel Fe2V2O4. Therefore, the increase

of FeO can also reduce the activity of V2O3, which favors
the V oxidation reaction.

Figure 8(d) shows the variation of ( )
−

L V S SS as a func-
tion of C content in the semi-steel. Similar to the variation
trend shown in Figure 5(c), the value of ( )

−

L V S SS decreases
with increasing C content. Even so, the C in the semi-steel
should be preserved as much as possible during the V oxi-
dation process. This is because that the C oxidation is a
strong exothermic reaction to largely increase the tempera-
ture of molten bath. If the temperature exceeds the critical
value, the excessive temperature will further enhance the C
oxidation but weaken the V oxidation. Generally, the C
content in the semi-steel is controlled around 3.6wt%.
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6 Conclusions

GCA model was applied for analyzing V distribution
behavior between slag and hot metal/semi-steel. The cal-
culated VO1.5 activities by GCA model were compared
with the published experimental measurements to eval-
uate the reliability of describing the multi-component V-
containing slag systems. The overall fits by GCA model
were satisfactory, and GCA model was capable of simu-
lating the complex high-order slag systems within a wide
range of operating conditions.

Production data from a VTM smelting BF ironmaking
plant and a V-recovering BOF shop were collected over a
period of 1 year. The effects of operating conditions on V
distribution ratios between slag and hot metal/semi-steel
were analyzed using GCA model. The model calculation
could reproduce the variation trend of V distribution ratio
with slag temperature and chemistry although the plant
data are quite scattered due to the fluctuation of the oper-
ating conditions. The simulated results could help quan-
tifying the impact of each individual operating condition
and provided the guidance for operators to control V dis-
tribution ratios for the better process operation.

The values of ( )

−

L V S SS in the BF operation and ( )

−

L V S SS
in the BOF operation both dropped with increasing tem-
perature. In the VTM smelting process, although raising
smelting temperature thermodynamically favors more V
retain in the hot metal, the average hot metal temperature
of the VTM smelting BF is lower than that of a conven-
tional BF to limit the formation of the high-melting Ti
carbonitride. In the V-rich making process, operating at
low temperature not only benefits distributing more V
into the slag phase but also minimizes the reduction of
V2O3 by C to V in metal.

The value of ( )

−

L V S SS decreased with increasing CaO/
SiO2 ratio in the BOF operation, which was opposite to the
variation trend of ( )

−

L V HMS in the BF operation. The dif-
ference is due to the significant difference in the chem-
istry of BF slag and V-rich slag and the combined effect of
interaction between major components. An appropriate
decrease in basicity will benefit the oxidation of V into V-
rich slag phase for the BOF operation.
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