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Abstract An innovative and sustainable way for produc-

tion of vanadium is to co-process vanadium titanomag-

netite ores with vanadium-bearing slag from steel industry,

via reduction, producing a hot metal containing about

2 mass% vanadium, 0.1 mass% phosphorus, and

0.4 mass% silicon. A vanadium-extraction method was

developed for these hot metals using a semi-industrial-

scale converter. Oxidation was carried out with an air jet

enriched to 50 vol% oxygen and by top-charging up to

70 kg iron ore pellets per ton hot metal. The complete

dissolution of pellets was achieved by deliberately creating

good stirring conditions utilizing high momentary decar-

burization rates. The temperature could be controlled to

around 1677 K at the blowing endpoint after the pellet

coolant had been dissolved. Produced vanadium slags

contained as high as 20 mass% V. The semifinished pro-

duct contained about 3 mass% carbon and 0.1 mass%

vanadium, corresponding to a vanadium yield of 94%. The

phosphorus distribution to the slag was low when good

stirring was maintained. The slag composition had a more

significant impact than the temperature on the vanadium

distribution. Laboratory-scale study also showed that the

temperature impact on the composition of the liquid phase

was minor.

Keywords Vanadium � Slag � Experimental � Phase
relationship � Sustainable � Spinel � Distribution � Converter

Introduction

Vanadium (V) titanomagnetite ores globally constitute the

main source for production of V-containing commodities,

most importantly vanadium pentoxide (V2O5) and fer-

rovanadium (FeV) [1, 2]. Several deposits of V titano-

magnetite ore are available in the world, and a few of them

are located in Scandinavia. Since these iron ores contain

relatively high titanium (Ti) content, the feasibility for an

economic exploitation is in many cases dependent on the

possibility to extract V as co-product to iron (Fe). FeV is

produced from vanadium trioxide (V2O3) or V2O5 [1, 2].

Extraction of V as co-product to iron is usually performed

by concentrating the V in the hot metal into a V slag. The V

slag is then converted to V2O3 or V2O5 by a salt roast and

leach process [1].

The formation of V slag usually involves two main

pyro-metallurgical steps. At first, the ore concentrate or

direct reduced iron (DRI) is reduced to a hot metal with a V

content in the range of 0.3–0.5 mass% [1–4]. In the second

step, the V in the hot metal is oxidized at a temperature of

1673 K or below, forming a slag with normally

9–15 mass% V depending on most importantly the hot

metal composition [1–4]. Basically two different unit

processes are today applied in the industry for production

of V slag from V-rich hot metal, namely, hot metal ladle

and basic oxygen furnace (BOF) [1]. These two processes

share the same chemical and process principles where

chromium (Cr), Fe, manganese (Mn), silicon (Si), Ti, and

V are oxidized with oxygen gas. Partly due to the low

productivity in the ladle process, the BOF is used by most
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2 Pöyry Finland Oy, Elektroniikkatie 13, 905 90 Oulu, Finland

3 Department of Materials Science and Engineering, Royal

Institute of Technology, Brinellvägen 23, 100 44 Stockholm,
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V producers, called the duplex process. In the duplex

process, the V in the hot metal is blown to the slag in a first

converter producing a carbon-bearing semifinished product

[1, 3, 4]. The residual V content has been reported to be

between 0.03 mass% and 0.06 mass% corresponding to a

V yield of about 85% [4]. The semifinished product with

about 3 mass% C is converted to steel in a second con-

verter with the addition of the necessary amount of slag-

forming materials to ensure that the steel has a low content

of harmful impurities. It should be mentioned that the V

content in the hot metal produced in the former Highveld

steel plant was on a superior high level of up to 1.5 mass%

[1, 2, 5]. The V was extracted from the hot metal by

mechanical stirring/agitation and oxygen-blowing in a so-

called shaking ladle. The tap-to-tap time was between 75

and 110 min. The V yield was reported to between 90 and

92% with a residual V content in the hot metal of

0.09 mass% [5]. The oxygen blowing time for V in the

duplex process is about 5 min, which shows the superior

productivity of the BOF over all other known processes

[1, 6].

An innovative and sustainable way for production of V,

which is proposed here, is to co-process V-bearing titano-

magnetite ores with V-rich steel slag (BOF slag). Some

BOF slags in Europe, in particular in Scandinavia, contain

2–3 mass% as V. The content of V and Cr limits the

external use of the slag. In many cases, the slags are dis-

posed. In a previous study, a titanomagnetite ore concen-

trate from the Mustavaara deposit in Northern Finland

containing about 0.8 mass% V was co-processed with up to

200 kg V-bearing BOF slag with around 2 mass% V per

ton concentrate [7]. In addition to V, iron (Fe) is recovered,

and the CaO, MgO, and SiO2 components in the BOF slag,

needed to flux and dilute the TiO2 content in the slag, are

reused. The produced hot metal was composed of about

2 mass% V, 0.1 mass% phosphorus (P), 0.4 mass% Si, and

0.3 mass% Mn. Note that processing of solely V-bearing

BOF slag has also been proposed to produce a hot metal

with 10 mass% V and 1 mass% P [8]. The V slags to be

produced from these hot metals with high V content in

relation to Cr, Mn, Si, and Ti can therefore be expected to

have V contents greater than 15 mass%. In a previous

study, the phase relationship in FeO–SiO2-based slag with

V fixed at 20.4 mass% was investigated experimentally at

1673 K [9]. The compositions covered the normal pro-

duction range of V slag, viz., Al2O3 from 0 to 6 mass%,

CaO from 1 to 5 mass%, and SiO2 from 10 to 17 mass%,

with MnO fixed at 5.5 mass%. The V slags were found to

be solid–liquid mixtures, either in a two-phase region

consisting of a liquid and a solid spinel phase, or in three-

phase region consisting of liquid, spinel phase, and free

silica. Spinel and/or karelianite precipitation in V-saturated

slags [10–15] results in a sharp increase of the slag

viscosity [14], which has been reported to have an impact

on the extraction efficiency of V [16]. Studies on phase

relationships of V slags will render a fundamental foun-

dation toward the development of a V-extraction method

from hot metal highly enriched in V.

This study aims at the development of a V-extraction

method from hot metal with 2 mass% V and 0.1 mass% P

using a semi-industrial-scale BOF. The results is expected

to provide important understanding of V-extraction pro-

cesses based on the use of secondary resources with higher

V contents and higher impurity levels, for instance P,

compared to primary sources as titanomagnetite ores. A

low P content in the V slag is especially important as a

significant part will accompany the V into the final alloys

[1, 2]. A low P content is requested by the steel industry,

which is by far the largest consumer of FeV. In view that

the presence of solid spinel has a direct impact on the

V-extraction efficiency, the phase relationship in FeO–

SiO2-based slag with 20 mass% V at 1573 and 1773 K are

also studied. The information of phase relationship

obtained along with the results at 1673 K [9] will provide a

better understanding of the effect of temperature on the

extraction process.

Experimental Setup and Procedure

Vanadium Extraction from a Fe–V (2 mass%)–P

(0.1 mass%) Melt in Semi-industrial Scale

Figure 1 shows an outline of the equipment used for the

V-extraction tests from a Fe–V(2 mass%)–P(0.1 mass%)

melt. A 6-ton BOF lined with MgO–C refractory was

equipped with a water-cooled lance and one bottom tuyere.

The water cooled lance with single nozzle was designed for

a gas flow rate of 17 m3n/min. Nitrogen was flushed

Fig. 1 Semi-industrial-scale BOF used for the V-extraction tests
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through the bottom tuyere with a flow of about 0.6 m3n/

min throughout the whole test in order to improve the mass

transfer in the bath. The gas stirring was found necessary to

ensure stability of the process. The hot metal which was

partly produced in an earlier study [7] was re-melted in an

electric arc furnace (EAF). Between 4970 and 5060 kg of

hot metal was then charged into the BOF and sampled. The

amount of hot metal in and out was weighted with an

overhead crane. Special effort was made to minimize slag

entrainment when tapping the EAF and when charging the

BOF. The depth of the liquid bath in the BOF was around

580 mm.

Oxidation was carried out by blowing an air gas jet

through the water cooled lance. The orifice of the lance was

kept at a height of about 1600 mm above the bath during

the first half of the treatment and at about 1400 mm above

the bath during the final period. While in the first two tests

air was employed, in the remaining trials oxygen-enriched

air with 50 vol% O2 was used. The off-gas composition

(A), flow rate (V) and temperature was measured (T). Iron

oxide pellets were used as coolant instead of the conven-

tionally used mixture of iron oxides and scrap, due to

higher dissolution rate of iron ore pellets [6] and higher

driving force for V oxidation [17]. Iron ore pellets with

67 mass% Fe, equivalent to 0.20 m3n O2/kg pellets, were

fed into the melt from an overhead material bin during the

first 3 min. No slag additives were charged, meaning that

the slag was formed by oxidation of primary Cr, Fe, Mn,

Si, Ti, and V in the hot metal, carry-over slag and gangue

in the iron ore pellets. Slag sampling was performed once

when the treatment had ended. The slag was sampled with

a slag spoon and air-cooled on a steel plate. The temper-

ature was measured every 2 min with high performance

expendable temperature sensors (Pt–Rh 10 mass%/Pt)

from Heraeus Electro-Nite. An immersion lance was used

to dip the sensors into the molten metal. Prior to tap, a

specially designed slag dam made of steel plates with

castable refractory was mounted on the mouth of the BOF.

The hot metal was then tapped into a transfer ladle and

later beach casted. Thereafter the slag dam was removed.

The ‘‘slag’’ was then easily removed by the up ending of

the BOF above a slag pot. The amount of top-charged

pellets in kg per ton hot metal (kg/tHM), the total supply of

O2 through the lance in m3n/tHM, the initial metal com-

position, temperature and weight of the melt are presented

in Table 1. Chemical analyses of metal and slag samples

were conducted with X-ray fluorescence spectroscopy. The

C and S contents in the hot metal were analyzed by com-

bustion analysis (Leco CS230). Slag samples were pre-

pared for SEM–EDS analysis (Hitachi S-3700 N with a

Bruker EDS analyzer) by mounting them into conductive

embedding material and polished in ethanol. C coating was

made using a JEOL JFC-1300.

Phase Relations in FeO–SiO2-based Slag

with 20.4 Mass% V at 1573 and 1773 K

A detailed description of the equipment and the experi-

mental procedure can be found in previous study [9]. Only

a salient feature of the setup is given here to orientate the

readers. The suppliers and purities of the powders are listed

in Table 2. FeO was prepared from a Fe and Fe2O3 mixture

with a total composition of 51 mol% oxygen at 1163 K [9].

While the Al2O3, CaO, and SiO2 powders were kept at

1173 K for 10 h to remove moisture and volatiles, the

Fe2O3 and MnO were dried at 378 K for 12 h before use.

The samples were then prepared by mixing appropriate

ratios of the oxides in an agate mortar and pressed into

pellets. The ratios of the mixed powders for the six samples

are shown in Table 3. In all samples, the MnO, SiO2 and

V2O3 content was targeted to 5.5, 17.0, and 30 mass%

(20.4 mass% V), respectively. The slag compositions were

balanced with FeO. A vertical resistance furnace, equipped

with MoSi2 heating elements and Al2O3 working tube was

used (see Fig. 2). In order to quench samples rapidly

without withdrawal from the furnace, the working tube was

interconnected to a water cooled Al chamber. The pellet

was placed in a molybdenum (Mo) crucible. In view of the

fact that the slag in the reactor is exposed to different

oxygen partial pressures through the thickness of the slag

phase, to study the phases of the slag, the slag composition

must be maintained. Because of the presence of vanadium

oxide in the slag and its multivalence nature at different

oxygen potentials, it was necessary to use a closed system

for all samples. The closed system would ensure that the

sample having different compositions being studied under

well-defined equilibrium conditions, with respect to the

chemical potentials and temperature. A Mo lid fixed with a

weight was placed on the top of each sample crucible. In

addition, the sample holder was sealed with a Mo cap. This

arrangement would ensure that the slag would not react

with the gas phase in the reaction chamber. The sample

crucibles were loaded into a Mo sample holder, which in

turn was connected to a lifting unit via a steel rod with a

Mo extension. A B-type thermocouple was placed less than

10 mm below the sample holder. The reaction chamber

was sealed. The system was then evacuated with a vacuum

pump and thereafter filled with high purity argon (supplied

by Aga Linde, H2O B 0.5 ppm, O2 B 0.5 ppm). This

procedure was repeated at least three times. The furnace

was heated up to 1873 K at a rate of 2 K/min. The samples

were then lowered down slowly from the quenching

chamber to the reaction zone. The samples were kept at this

temperature for 6 h before being cooled down at a rate of

2 K/min to the targeted temperature of either 1573 or

1773 K, and kept there for 48 h. Finally, the samples were

quenched in the cooling chamber. Throughout the tests, Ar
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gas was flushed through the chamber at a rate of 0.1 ln/

min. Slag samples were prepared for SEM–EDS analysis.

The phase fractions were estimated using a Leica

DM4500 P instrument equipped with Leica LAS and QWin

image analysis software. These measurements were accu-

mulated over multiple images covering most of the sample

surface.

Results

The metal composition, temperature, and weight at tap are

presented in Table 4. To present the experimental result,

the V-extraction efficiency is expressed as V yield, and

defined as

V � yield ð%Þ ¼ 1� wo �%Vo

wi �%Vi

� �� �
� 100 ð1Þ

In Eq. (1), wO and wi are the outgoing and incoming hot

metal weights; %Vo and %Vi are the outgoing and

incoming V concentrations in the hot metal. The calculated

values of the V yields are included in Table 4. The final

V slag compositions for the 9 BOF tests are shown in

Table 5. V3? and V4? are reported to be dominant at low

oxygen partial pressure and low basicity in metallurgical

slags [18, 19]. In order to present the results, V2O3 is used

to describe the compositions of both liquid and solid pha-

ses. Note that the focus of the present study is not to

identify the fractions of different cations. The relatively

high CaO content in sample BOF2 is due to high slag

entrainment from the EAF. The BOF slag samples 1, 2, 4,

and 5 have high P2O5 and FeO contents in addition to a

high residual V content in the final hot metal. These

samples have been produced according to the conventional

processing method and will be discussed later. BOF sam-

ples 3 and 6 to 9, obtained by the developed extraction

method, have an overall composition similar to the one

targeted for the phase relation study.

As mentioned earlier, to gain a better understanding of

the temperature effect on the extraction process, the phase

relationships at 1573 and 1773 K are experimentally

studied. Totally, three phases are found in the equilibrated

samples in the laboratory experiments, viz., (1) spinel

phase named as SP, (2) free SiO2 named as SiO2, and (3) a

matrix consisting of silicate phases. In addition to these

Table 1 Ingoing composition, weight and temperature of the hot metal in addition to pellets- and O2 consumption

Test Hot metal composition (mass%) Weight O2 Pellets Tmetal

ID C S P V Mn Si Ti Cr (kg) (m3n/tHM) (kg/tHM) (K)

BOF1 3.99 0.016 0.097 2.01 0.30 0.52 0.166 0.075 5000 15.8 29.0 1646

BOF2 4.05 0.009 0.100 2.26 0.32 0.48 0.160 0.068 5060 15.8 33.0 1639

BOF3 4.01 0.014 0.095 1.85 0.31 0.42 0.140 0.067 5040 12.7 44.5 1638

BOF4 4.23 0.029 0.104 1.48 0.32 0.67 0.201 0.053 4950 9.7 55.4 1646

BOF5 4.05 0.017 0.097 1.63 0.30 0.44 0.135 0.054 5000 11.1 57.8 1649

BOF6 4.08 0.030 0.098 1.67 0.31 0.51 0.116 0.057 5030 11.4 51.3 1650

BOF7 4.09 0.011 0.113 1.86 0.30 0.46 0.129 0.047 4990 12.5 54.9 1638

BOF8 3.95 0.012 0.093 1.66 0.28 0.35 0.081 0.046 4970 12.9 55.1 1646

BOF9 4.00 0.022 0.102 1.69 0.30 0.33 0.073 0.050 5000 11.5 66.4 1636

Table 2 The chemicals along with their suppliers and purities

Powder Supplier Purity (mass%)

Al2O3 Alfa Aesar 99.5

CaO Alfa Aesar 99.95

Fe Alfa Aesar 99.9?

Fe2O3 Alfa Aesar 99.5

MnO Alfa Aesar 99.5

SiO2 Alfa Aesar 99.5

V2O3 Sigma Aldrich 98.0

Table 3 The weighed-in compositions of the samples equilibrated at

1573 K (L = Low) or 1773 K (H = High)

Sample Comp. (mass%) Eq. temp.

ID Al2O3 CaO FeO MnO SiO2 V2O3 (K)

L1 1.0 46.5 5.5 17.0 30.0 1573

L2 5.0 1.0 41.5 5.5 17.0 30.0 1573

L3 5.0 5.0 37.5 5.5 17.0 30.0 1573

H1 1.0 46.5 5.5 17.0 30.0 1773

H2 5.0 1.0 41.5 5.5 17.0 30.0 1773

H3 5.0 5.0 37.5 5.5 17.0 30.0 1773
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phases, (4) metal droplets named M were found in the BOF

samples. The absence of concentration gradients in the SP

grains and their large size confirm the existence of SP at the

temperatures studied, which has also been discussed more

thoroughly in a previous study [9]. It has been reported [9]

that the matrix [phase (3)] is liquid at the experimental

temperature. The liquid has decomposed into fayalite

(Fe2SiO4) and augite [Ca(Fe, Mn)(Si, Al)2O6] phases dur-

ing cooling, because of insufficient quenching [9]. The

matrix will hereinafter be named the liquid phase (L).

Figure 3 shows examples of the spinel–liquid two-phase

mixtures in the samples obtained at 1573 and 1773 K,

respectively, in the laboratory study. Similarly, these three

phases are also the only phases identified in the industrially

obtained samples in addition to M. Figure 4 presents an

example of the coexistence of the three phases, L, SP, and

SiO2 in a sample obtained from the BOF.

The phases found as well as the average compositions

(over four measured values) of SP are presented in Table 6

for both laboratory- and industrial-scale samples. Nor-

malization was performed by taking the sum of the com-

ponents as 100 mass%. Note that a small amount of

molybdenum oxide is detected in the laboratory samples,

due to the use of Mo crucible. The impact of Mo on the

Fig. 2 A schematic presentation of the experimental setup

Table 4 Composition,

temperature, and weight of the

hot metal at tap

Sample Final hot metal composition (mass%) Tmetal Mass V–y

ID C S Fecalc P V Mn Si Ti Al Cr (K) (kg) (%)

BOF1 3.66 0.015 94.6 0.096 1.20 0.13 0.20 0.030 0.047 0.046 1672 4500 46

BOF2 3.64 0.009 94.5 0.094 1.45 0.12 0.12 0.021 0.040 0.047 1655 4560 42

BOF3 3.06 0.014 96.4 0.099 0.19 0.02 0.21 0.005 0.029 0.011 1725 4920 90

BOF4 4.03 0.023 94.8 0.096 0.62 0.11 0.22 0.045 0.042 0.025 1711 4810 59

BOF5 3.54 0.014 96.0 0.094 0.27 0.04 0.05 0.013 0.006 0.020 1680 4840 84

BOF6 3.27 0.028 96.3 0.097 0.24 0.03 0.01 0.003 0.060 0.013 1763 4820 86

BOF7 3.45 0.011 96.1 0.104 0.19 0.02 0.01 0.003 0.071 0.007 1701 4750 90

BOF8 2.92 0.013 96.7 0.098 0.19 0.03 0.01 0.001 – 0.007 1701 4760 89

BOF9 3.02 0.023 96.7 0.104 0.10 0.02 0.01 0.002 – 0.003 1677 4750a 94

The V extraction is presented as V yield to the slag
aEstimated based on the final metal composition
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investigated system has been discussed previously [9]. It is

concluded that the presence of Mo in the slag would have

little effect on the phase relationship between L and SP,

since the content of Mo in the liquid is low. Hence, in the

later discussion, normalization of samples L1 to L3 and H1

to H3 was performed by excluding Mo. The composition of

L was analyzed with area scan at 600 times magnification.

The average compositions (taken over four measured val-

ues) of L for sample L1 to L3 and H1 to H3 are presented

in Table 7. SiO2 was found in BOF samples 6 to 9 all

having an Al2O3 content of less than 0.4 mass% and CaO

content of between 0.3 and 1.2 mass%. This finding is in

accordance with the laboratory study at 1573 and 1773 K,

and earlier laboratory results at 1673 K [9], where SiO2 is

found in samples with a weighed-in composition of

0 mass% Al2O3 and 1 mass% CaO.

Discussion

Impact of Temperature on the Phase Composition

The effects of temperatures 1573 and 1773 K on the phase

composition were investigated for three different weighed-

in compositions (samples L and H), in addition to the data

from the previous study at 1673 K [9]. The contents of the

Fig. 3 Microphotographs showing the two-phase equilibrium of SP

and L quenched at a 1573 K (sample L2) and b 1773 K (sample H2).

The SP is the bright angular crystals and L is the matrix phase

Fig. 4 Microphotograph of sample BOF6 consisting of SP, L and

SiO2. The SP is the bright crystals, L is the matrix phase and SiO2 is

the black phase

Table 5 Final V slag

composition
Sample Final V composition (mass%)

ID MnO P2O5 Al2O3 CaO MgO SiO2 TiO2 V2O3 FeO

BOF1 3.92 0.12 \ 0.1 0.54 1.24 12.7 3.30 23.4 52.4

BOF2 4.52 0.27 \ 0.1 12.3 1.52 17.3 4.24 18.2 41.6

BOF3 5.52 0.04 \ 0.1 2.24 3.80 17.0 3.81 27.1 33.6

BOF4 3.24 0.31 \ 0.1 0.60 2.36 11.7 2.67 16.8 61.4

BOF5 4.08 0.28 \ 0.1 0.68 3.06 10.9 3.55 22.2 52.9

BOF6 5.77 0.03 0.31 1.17 3.76 21.1 5.88 24.6 31.5

BOF7 5.05 0.06 0.10 0.62 2.18 17.5 3.90 26.7 39.6

BOF8 5.43 0.06 \ 0.1 0.62 2.71 17.1 3.08 27.4 38.1

BOF9 5.74 0.05 \ 0.1 0.35 1.81 14.5 2.23 29.6 38.6
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components in L and SP as a function of the temperature

are shown in Figs. 5, 6, and 7. The L and SP for samples

with weighed-in compositions of 0 mass% Al2O3 and

1 mass% CaO are shown in Fig. 5a and b, respectively; for

samples with 5 mass% Al2O3 and 1 mass% CaO in Fig. 6a

and b, respectively; and for samples with 5 mass% Al2O3

and 5 mass% CaO in Fig. 7a and b, respectively. The bars

represent the standard deviation of the four measurements

for each sample. The MnO, SiO2, and V2O3 contents were

fixed at 5.5, 17.0, and 30 mass% (20.4 mass% V),

respectively. In the investigated concentration range, the

concentrations of FeO, MnO, and V2O3 in SP are almost

the same. The only apparent difference is a small dilution

effect of V2O3 in SP for samples with a weighed-in Al2O3

content of 5 mass%. The impact of temperature on the

phase composition is relatively small; however, in all

cases, there seems to be a tendency that V2O3 is increasing

and FeO is decreasing in SP with the increasing

temperature.

Temperature Impact on the Phase Relations

The impact of temperatures of 1573 and 1773 K on the

phase relations were investigated for three different

weighed compositions and the results are presented in

Fig. 8 together with the results at 1673 K [9]. The phase

fraction of SP is derived according to the following

equation:

Phase fraction of SP ¼ Asp

Atot � Ap

; ð2Þ

where Asp is the area of SP, Atot the total area, and Ap is the

area of the pores. The temperature has no clear effect on

the phase relations. No visual impact on the phase fraction

can be observed with varying weighed-in Al2O3 and CaO

contents. This has been explained in an earlier study by the

fact that a large part of the Al2O3 and all CaO substitute

FeO in the liquid [9]. As the samples are balanced with

FeO, increased weighed-in contents of Al2O3 and CaO lead

to an almost corresponding reduction of the FeO content in

the liquid. The results show that the liquidus temperature of

V slag with 20.4 mass% V is higher than 1773 K due to the

presence of SP at 1773 K. This can be compared with the

study by Fang et al. who investigated FeO–SiO2-based

slags with 8.5 mass% V and found that spinel crystals

begin to form at 1699 K [20]. Zhang et al. concluded that V

extraction is mainly affected by, besides the chemical

potential of V, the melting point or the fluidity of the slag

[16]. Solids have in general much higher impact on vis-

cosity than minor alteration of, for instance, the slag

composition [21]. In the present study, the effect of tem-

perature on the phase fraction of SP in the solid–liquid

mixture is negligible in the temperature range of

1573–1773 K. The temperatures within this range could

therefore be expected to have a relatively small impact on

the slag fluidity and thereby the V extraction. The hot metal

temperature at tap should therefore be targeted to maxi-

mum 1673 K as it is also well known that C retention is

promoted by low process temperature [16, 22]. C retention

is important from the perspective of upholding a low liq-

uidus temperature of the metal [23], lower consumption of

Table 6 Phases found as well

as the composition of the spinel

(SP)

Sample Phases Comp. SP (mass%)

ID Present Al2O3 FeO MgO MnO TiO2 V2O3

BOF3 L, SP, M – 28.5 1.63 5.74 5.08 59.1

BOF6 L, SP, SiO2, M 0.28 27.9 2.00 6.60 6.70 56.5

BOF7 L, SP, SiO2, M 0.26 30.7 1.09 5.22 4.74 58.0

BOF8 L, SP, SiO2, M 0.22 27.5 1.44 6.70 3.97 60.2

BOF9 L, SP, SiO2, M – 30.6 1.12 5.73 2.73 59.8

L1 L, SP, SiO2 0.18 40.5 – 3.19 – 56.1

L2 L, SP 3.73 39.2 – 3.50 – 53.6

L3 L, SP 3.55 38.8 – 4.14 – 53.5

H1 L, SP, SiO2 0.17 39.0 – 3.37 – 57.5

H2 L, SP 3.60 37.1 – 3.54 – 55.8

H3 L, SP 3.36 37.2 – 4.21 – 55.3

Table 7 The composition of the liquid (L)

Sample Comp. L (mass%)

ID Al2O3 CaO FeO MnO SiO2 V2O3

L1 0.38 2.62 53.2 8.22 34.6 1.04

L2 6.27 2.60 47.4 8.43 34.7 0.54

L3 6.03 12.11 39.4 7.77 34.3 0.44

H1 0.34 2.37 54.8 8.16 33.8 0.58

H2 6.82 2.48 47.6 8.23 34.5 0.41

H3 6.34 11.50 40.2 7.88 33.5 0.65

814 J. Sustain. Metall. (2017) 3:808–822

123



solid coolants in the V-extraction process, and higher scrap

ratio when/if converted to steel in a second converter.

Extraction Method for Hot Metal with About

2 mass% V

Tests BOF1, BOF2, BOF4, and BOF5 simulated the con-

ventional method for processing V-bearing hot metal in

BOF [6], with the difference being that only iron ore pellets

were used as coolant due to the shorter melting time [6],

stronger cooling effect, and its positive impact on the FeO

activity [17]. In tests BOF4 and BOF5, more coolants,

pellets, were used compared with BOF1 and BOF2 as the

air was oxygen enriched to 50 vol%. This is because N2

acts as coolant as well as low O2 concentration prolongs

the blowing time, resulting in higher heat losses. The

measured O2 flow through the lance, metal temperature,

and the calculated decarburization rate (deC) and C con-

tent, both measured and calculated, are presented in Fig. 9a

as an example of the conventional processing method

applied for V-rich hot metal (sample BOF2). The metal

temperature is presented as a ‘‘constant’’ value until the

next measurement. The deC and the C content in the metal

were calculated based on the measured off-gas composition

Fig. 5 a Al2O3, CaO, FeO,

MnO, and SiO2 in L and

b Al2O3, FeO, MnO, and V2O3

in SP as a function of

temperature, for samples with a

weighed-in composition of

0 mass% Al2O3, 1.0 mass%

CaO, and 46.5 mass% FeO

J. Sustain. Metall. (2017) 3:808–822 815

123



and gas flow. In accordance with the study by Huang et al.

who investigated hot metal processing (0.3 mass% V) with

100% iron ore pellets using a 70-ton industrial converter

[6], the temperature decreases during the initial stage of the

blowing as the melting rate of the pellets are fast. The

temperature of the metal is then gradually increased, and

the blow in test BOF2 is terminated at 1655 K. It has been

suggested that the blowing temperature should be con-

trolled to be less than 1653 K at the blowing endpoint to

attain the lowest possible residual V content in the metal

[6]. The residual V contents in both BOF1 and BOF2 were

higher than 1 mass% in the metal (see, Table 4). More

coolants are therefore needed in order to increase the

extraction ratio without exceeding an end temperature of

1655 K and consequently, the blowing time needs then to

be extended, which would have a negative impact on the

productivity. For this reason, BOF4 and BOF5 were con-

ducted with oxygen-enriched air and larger amount of iron

ore coolant. However, oxygen blowing in these two tests

was terminated already after 6 min as an end temperature

of over 1655 K had been obtained. The FeO contents in

these four tests were high thereby indicating poor mixing

condition between top slag and the metal bath. It was

therefore realized that the conventional method could not

Fig. 6 a Al2O3, CaO, FeO,

MnO, and SiO2 in L and

b Al2O3, FeO, MnO, and V2O3

in SP as a function of

temperature, for samples with a

weighed-in compositions of

5.0 mass% Al2O3, 1.0 mass%

CaO, and 41.5 mass% FeO
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be applied for hot metal with 2 mass% V or more as the

bottom-blown N2 gas and the formed CO gas were not

sufficient to realize good stirring conditions. This is prob-

ably mainly related to the higher consumption rate of

coolants per ton of hot metal at higher V concentrations in

the melt. The philosophy in the remaining tests was

therefore to maximize stirring by creating higher momen-

tary flow rate of CO(g) by permitting shorter treatment

periods at temperature higher than 1655 K. In this way,

ideal conditions for dissolving the iron ore coolant were

obtained. Figure 9b presents the experimental results of

trial BOF9 as an example for the proposed extraction

method for V-rich hot metal.

Sharp increases of deC and metal temperature are

observed after about 6.5 min. The deC rate reaches its

maximum of about 21 kg C/min at 7 min. Thereafter, it

starts to decrease. At that point of time (t8 min), the oxy-

gen gas supply is stopped. It is worthwhile to mention that

if all O2 reacts with C dissolved in the metal bath, it cor-

responds to a deC of 9.1 kg C/min. As the residual V and

Mn contents in the metal are low, it is reasonable to assume

that the high deC is mainly related to reduction of iron

oxides in the top slag. By integrating the decarburization

curve between t6.5 and t10 min and by deducting the

maximum amount of C that could be removed by O2

(9.1 kg C/min between t6.5 and t8 min), the minimum

Fig. 7 a Al2O3, CaO, FeO,

MnO, and SiO2 in L and

b Al2O3, FeO, MnO, and V2O3

in SP as a function of

temperature, for samples with a

weighed-in compositions of

5.0 mass% Al2O3, 5.0 mass%

CaO, and 37.5 mass% FeO
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amount of C oxidized by iron oxide can be evaluated. This

simplified approach shows that a minimum 32 kg of C in

the metal bath is oxidized by iron oxides. This corresponds

to 142 kg of Fe2O3 or 191 kg FeO. In addition, iron oxides

are also consumed for oxidation of primary V, Mn, and Cr

in the metal. It can therefore be concluded that melting rate

of pellets is not sufficiently fast at high consumption rates.

Using pure oxygen instead of oxygen-enriched air with

50 vol% O2 would likely lead to the hypothesis that even

less amount of pellets would be dissolved during the initial

period. A method using high momentary deC is therefore

proposed to promote oxidation of V in the metal bath with

iron oxides in the top slag. The iron oxide coolant is

however added targeting an end temperature of 1677 K or

below. About 1 mass% of C in the metal bath is lost. This

is in the same range as for the conventional processing

method treating hot metal with 0.3 mass% V [3, 4, 6]. It

should be added that no build-ups in the mouth of the BOF

or scull formation on the water-cooled lance was observed

throughout the test campaign.

Vanadium Distribution (LV)

In metallurgical processes with the variation of oxygen

potential, V is transferred between slag and metal. For the

convenience of technical consideration, the distribution

coefficient (also known as partition coefficient) defined in

Eq. (3) is very often used.

LV ¼ mass% Vð Þ
mass% V½ � ð3Þ

The parentheses are used to designate a concentration in

the slag phase (in mass%); and the square brackets are used

for a concentration in the metal phase (in mass%). The

distribution coefficient for V (LV) has been determined in a

number of experimental studies [16–18, 24–26]. The

studies by Inoue et al. [24] and Selin [25, 26] were per-

formed for MgO-saturated slags and thus outside the nor-

mal production range for V slag. The study by Howard

et al. [18] was performed at 1873 K which is considerably

higher than the scope of the present study. Werme [17]

investigated the effect of Lv with the addition of oxides like

CaO, Na2O, MgO, Al2O3, and TiO2 at 1573 K. Zhang et al.

studied the influencing factors, such as temperature, slag

composition, and slag-to-metal ratio on Lv between hot

metal and FeO–SiO2–MnO (–TiO2) slag [16]. The Lv

dependencies on SiO2 and temperature obtained in the

present study are shown in Fig. 10a and b, respectively.

The results obtained by Werme [17] and Zhang et al. [16]

are also included in the figures for comparison. Samples

BOF3 and BOF6-9 are in the compositional range of

5–6 mass% MnO, 0–0.3 mass% Al2O3, 0.3–2.2 mass%

CaO, 2–4 mass% MgO, 17–20 mass% V, and 2–6 mass%

TiO2. It should be pointed out that the main V concentra-

tion range in the slag in the study by Werme [18] and

Zhang et al. [10] is 1–2 mass%. In line with the previous

studies [16, 17], LV decreases with both the increasing

SiO2 content and temperature. SiO2 is known to decrease

the FeO activity in FeO–SiO2 slags [27], and therefore it is

likely that the decreasing Lv with the increasing SiO2

content is a result of decreasing FeO activity. No signifi-

cant impact on LV is however found in the temperature

range of 1701–1725 K with SiO2 fixed at about 17 mass%.

Fig. 8 Phase fraction of SP as a

function of temperature and

three different weighed-in

contents of Al2O3, CaO, and

FeO
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This could be an indication of that the slag composition has

a larger impact on LV than the temperature in the investi-

gated compositional and temperature ranges. In the phase

relationship study, the composition of L showed very little

dependence on temperature and could help to explain this

statement.

Phosphorus distribution (Lp)

Very little information is available for the P distribution

coefficient (LP) within the normal production range for V

slag [1]. In the present study, LP ranges between 0.13 and

0.26 in tests BOF3 and BOF6-9 and between 0.54 and 1.41

in tests BOF1-2 and BOF4-5. Poor stirring conditions

(BOF1-2 and BOF4-5) thus seem to result in both higher Fe

and P contents in the slag. The relatively high P content in

these V slags could prevent their use for production of FeV

for the steel industry. P is found to distribute into the augite

phase in the BOF samples formed under these less-favor-

able process conditions. The average compositions of the

augite [9, 20] and fayalite [9, 20] phases in these samples

are presented in Table 8. Normalization was performed by

taking the sum of the components as 100 mass%. The low

CaO content in fayalite is likely the reason that no P was

detected in this phase. It has also been shown that these

silicate phases have precipitated from a liquid phase during

Fig. 9 Measured O2 flow

through the lance, metal

temperature, calculated deC and

C content, both measured and

calculated, as an example for

the a conventional processing

method (BOF2) and b the

proposed extraction method for

V-rich hot metal (BOF9)
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cooling. The impinging jet of oxygen that penetrates into

the metal bath forms soluble oxygen which violently reacts

with the elements in the bath, foremost C, Cr, Fe, Mn, Si,

Ti, and V [6]. It is therefore reasonable to assume that P is

also oxidized and is dissolved in the liquid phase. P-oxide

is generally not stable in acid slags and could therefore

easily be reduced back to the bath in a well-stirred reactor.

A large reaction area of the metal–slag interface seems

therefore to be important when targeting for low P content

in the final V slag.

Fig. 10 a The SiO2 and

b temperature impacts on the V

distribution coefficient, LV

Table 8 Compositional range

of the silicate phases in BOF

samples formed under poor

mixing conditions

Phase Compositional range of the silicate phases (mass%)

Al2O3 CaO FeO MnO MgO P2O5 SiO2 V2O3

Fayalite 1–3 47–48 8–9 10–12 28–30 1–2

Augite 5–6 21–22 27–29 4–5 0.8–0.9 0.7–0.9 38–39 1–2
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Conclusions

A V-extraction method was developed using a semi-in-

dustrial-scale BOF. The hot metal studied contained about

2 mass% V, 0.1 mass% P, 0.4 mass% Si, and 0.3 mass%

Mn. Up to 70 kg of top charged iron ore pellets per ton hot

metal could be dissolved in the slag in combination with a

gas penetrating jet of oxygen-enriched air with 50 vol%

O2. The complete dissolution of pellets was achieved by

deliberately creating good stirring conditions utilizing CO

gas formation. High momentary decarburization rates at

temperatures over 1723 K still resulted in reasonable C

retention in the metal. The temperature could be controlled

to around 1677 K at the blowing endpoint when the iron

ore coolant had been dissolved. The V slags produced in

the temperature range of between 1677 and 1763 K con-

tained as high as 20 mass% as V and were found to be

solid–liquid mixtures consisting of either spinel (SP) and

liquid (L) or SP, L and free silica (SiO2). Up to 94% V

yield to the slag was achieved. The P distribution to the

slag was low when good stirring was maintained. The

impact of SiO2 on the FeO activity in the slag on the V

distribution seems to be more important than the temper-

ature in the investigated range of 14.5–21.1 mass% SiO2

and 1677–1763 K.

The impact of temperatures ranging between 1573 and

1773 K on the phase relations and phase compositions

were investigated experimentally in laboratory scale for V

slag with 20.4 mass% V. The composition of L showed

very little dependence on temperature and could partly

explain the fact that the slag composition seems to have a

more profound impact than temperature on the V-extrac-

tion process. SiO2 was found in samples with a composi-

tion of less than 1 mass% Al2O3, less than 1.2 mass% CaO,

and in the range of 14.5–21.1 mass% SiO2, in both semi-

industrial- and laboratory-scale samples. Addition of

5 mass% Al2O3 or 2.2 mass% CaO was sufficient to pre-

vent the presence of SiO2 in samples with 17 mass% SiO2.
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