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Abstract An innovative and sustainable way for produc-

tion of vanadium (V) is to co-process V titanomagnetite

ores with V-bearing steel slag, via reduction. V-slag pro-

duced from highly enriched Fe–V melt contains as high as

20 mass% V. The phase relationship in FeO–SiO2 based

slag with V fixed at 20.4 mass% was investigated experi-

mentally at 1673 K. The compositions covered the normal

production range, viz. Al2O3 from 0 to 6 mass%, CaO from

1 to 5 mass% and SiO2 from 10 to 17 mass%. The content

of MnO was fixed at 5.5 mass%. Samples quenched at

1673 K were found to be solid–liquid mixtures, either in a

2-phase region consisting of liquid and a solid spinel phase,

or in 3-phase region consisting of liquid, spinel phase and

silica phase. Free silica was only found in samples with a

composition of 0 mass% Al2O3, 1 mass% CaO and 17

mass% SiO2. Formation of free silica was prohibited in

samples with 1 mass% CaO and up to 17 mass% SiO2 by

adding 5 mass% Al2O3. Addition of 4 mass% Al2O3 was

also sufficient to prevent the presence of free silica in

samples with 3 mass% CaO and 13.5 mass% SiO2. Most of

the V was kept in the spinel phase, while the solubility of V

in the liquid was generally less than 1 mass% as V2O3. Fe,

Mn and Al coexisted in both liquid phase and spinel phase.

On the other hand, Si and Ca only distributed in the liquid

phase. The fraction of solid phase, viz. spinel was found to

decrease with increasing SiO2 content.

Keywords Vanadium � Slag � Experimental � Phase

relationship � Free silica � Spinel

Introduction

There are several vanadium (V) titanomagnetite ore

deposits in the world, particularly in Scandinavia. Due to

the small size of these iron mines, the feasibility for an

economic exploitation is dependent on the possibility to

valorize the V as a co-product to iron. V titanomagnetite

ores globally constitute the main source for production of

V containing commodities, most importantly vanadium

pentoxide (V2O5) and ferrovanadium (FeV) [1, 2]. FeV is

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

Extraction of V as a co-product to iron is usually done by

concentrating the V into a V-slag. The V slag is then

converted to V2O5 by a salt roast and leach process [1].

V-slag is commonly oxidized by oxygen and transformed

into water soluble sodium vanadates in the presence of

sodium salts (Na2CO3, NaCl, NaOH and/or Na2SO4)

[1, 3–5]. Thereafter, V2O3 or V2O5 is obtained from the

leachate by precipitation and calcination [1, 5]. Production

of V-slag involves two main pyrometallurgical steps. At

first, the ore concentrate or DRI (Direct Reduced Iron) is

reduced to a hot metal with a V-content in the range of

0.4–1.3 mass% [1, 6]. In the second step, the V in the hot

metal is oxidized to the V slag at around 1673 K [1, 6]. The

V slag is an acid FeO–SiO2 based slag with normally

9–15 mass% V [1, 6–8]. High FeO activity in the slag

results in high V distribution ratio between slag and hot
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metal [9–12]. Low P content is essential in order to satisfy

the requirements on the final products [1].

An innovative and sustainable way for production of V

is to co-process V titanomagnetite ores with V-bearing

steel slag (BOF-slag). Some BOF-slags in Europe, in par-

ticular in Scandinavia, contains as high as 3 mass% as V.

The presence of heavy metals like V and chromium (Cr)

limits the external use of the slag. In many cases the slags

are disposed. In addition to V, iron (Fe) is recovered and

the lime (CaO) in the BOF-slag is reused. In a parallel

work, an ore concentrate from the Mustavaara deposit in

northern Finland containing about 0.8 mass% V was co-

processed with a V-bearing steel slag with around 2 mass%

V [13]. The hot metal was composed of about 1.7 mass%

V, 0.1 mass% P, 0.3 mass% Si and 0.3 mass% Mn. The

V-slag produced from the highly enriched Fe–V melt

contained as high as 20 mass% V [13]. Typical V slags also

contains up to 6 mass% Al2O3, up to 5 mass% CaO and

SiO2 in the range of 10–17 mass% [1, 6–8]. These com-

ponents originate from carry-over slag, gangue in cooling

agents and by oxidation of silicon in the hot metal. How-

ever the concentration of these oxides becomes diluted by

the increasing V content in the slag. Very little information

is available regarding the impact of these components on

the phase relationship. Fang et al. studied the influence of

CaO at 1673 K with Al2O3, SiO2 and V fixed at 3–4, 16–17

and 7–9 mass%, respectively [14]. It was reported that the

slag was composed of a spinel phase surrounded by silicate

phases. At 2.81 mass% CaO the identified silicate phase

was olivine (Me2SiO4) with 5.27 mass% CaO, the olivine

had to some extent been transformed to augite (Ca(Mg, Fe,

Mn)(Si, Al)2O6). The V concentration in the spinel was

also reported to decrease with increasing CaO-content in

the slag. The melting point of the FeO�V2O3 spinel in the

FeO–V2O3-system is over 1973 K [15]. Both the FeO�V2

O3 spinel and V2O3 is formed when the Fe to V molar ratio

is larger than 2 ([67.6 mass% V2O3) [15]. V2O3 (kare-

lianite) can also form solid solutions with Al and Fe

[16–20]. CaO decrease the melting point of V2O3 and the

spinel [21, 22]. Diao et al. reported that the V, Cr and Ti in

V-slag were concentrated in the spinel phase, to some

extent together with Mg and Ca [7, 8]. The Si was found to

be concentrate in the silicate phases while Fe, Mn and Al

coexist in both the spinel and silicate phase with uniform

distribution [7]. Ge et al. reported that free silica is not

generated in the production of V slag [23]. This work aims

at providing a fundamental understanding of the phase

relationship in the FeO–SiO2 based V slags at 1673 K. The

results are expected to provide important knowledge in the

production of V slags and its impact on the following

extraction processes. The studied compositions will cover

the normal production range of Al2O3 from 0 to 6 mass%,

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

with V and MnO fixed at 20.4 and 5.5 mass%, respectively.

Experimental Setup and Procedure

V slags were prepared synthetically from Al2O3, CaO,

FeO, MnO, SiO2 and V2O3 powders. The suppliers and

purities of the powders are listed in Table 1. 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 373 K for 12 h. First, the FeO was prepared from a

Fe and Fe2O3 mixture with a total composition of

51 mol % oxygen. The Fe and Fe2O3 powders were mixed

thoroughly in an agate mortar. The mixture was packed

tightly into an iron crucible and sealed with a conical lid. A

vertical resistance furnace equipped with MoSi2 heating

elements and Al2O3 working tube, sealed with rubber

stoppers, was used. The mixture was heated up with a rate

of 2 K/min to 1163 K in argon atmosphere (supplied by

Aga Linde, H2O B 0.5 ppm, O2 B 0.5 ppm). The Ar gas

flow was kept at about 0.1 l/min at standard ambient

temperature (298 K) and pressure (1 bar) (hereinafter

referred to as ln/min). The mixture was kept at 1163 K for

60 h before cooling to room temperature at a rate of 2 K/

min. The V slag samples were then prepared by mixing

appropriate ratios of the oxides in an agate mortar. The

mixtures were pressed at 10 MPa into pellets with a

diameter of 11 mm and a weight of about 5 g. The MnO

and V2O3 contents were targeted to 5.5 and 30 mass%

(20.4 mass% V) in all samples. The slag compositions were

balanced with FeO. The ratios of the mixed powders for all

24 samples are shown in Table 2. In order to examine the

reliability of the present technique with respect to both the

equilibrium and quenching, experiments no. 23 and no. 24

were carried out with the same initial composition.

A vertical resistance furnace, equipped with MoSi2
heating elements and Al2O3 working tube (OD: 80 mm,

ID: 70 mm, H:1000 mm), was used for the investigations

(see Fig. 1). In order to quench the samples rapidly without

Table 1 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
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withdrawal from the furnace, the working tube was inter-

connected to a water cooled Al-chamber. The pellet was

placed in a molybdenum (Mo) crucible (OD 14 mm, ID

13 mm, H 40 mm). For each run, 3 crucibles were placed

in a Mo sample holder (OD 54 mm, ID 48 mm, H

120 mm). In view that the slag in the reactor is exposed to

Table 2 The weighed

compositions of the samples and

cooling procedure

Sample

ID

Comp. (mass%) Cooling method

Al2O3 CaO FeO MnO SiO2 V2O3

1 5.0 1.0 45.0 5.5 13.5 30.0 Quench

2 5.0 5.0 41.0 5.5 13.5 30.0 Quench

3 5.0 3.0 46.5 5.5 10.0 30.0 Quench

4 5.0 3.0 39.5 5.5 17.0 30.0 Quench

5 5.0 1.0 41.5 5.5 17.0 30.0 Quench

6 4.0 3.0 44.0 5.5 13.5 30.0 Quench

7 6.0 3.0 42.0 5.5 13.5 30.0 Quench

8 5.0 3.0 44.2 5.5 12.3 30.0 Quench

9 5.0 3.0 41.9 5.5 14.6 30.0 Quench

10 5.0 2.3 43.7 5.5 13.5 30.0 Quench

11 5.0 3.6 42.4 5.5 13.5 30.0 Quench

12 4.7 3.0 43.7 5.5 13.5 30.0 Quench

13 5.4 3.0 42.6 5.5 13.5 30.0 Quench

14 5.0 5.0 37.5 5.5 17.0 30.0 Quench

15 5.0 5.0 44.5 5.5 10.0 30.0 Quench

16 5.0 1.0 48.5 5.5 10.0 30.0 Quench

17 5.0 1.0 41.5 5.5 17.0 30.0 2 K/min

18 5.0 5.0 37.5 5.5 17.0 30.0 2 K/min

19 5.0 5.0 44.5 5.5 10.0 30.0 2 K/min

20 5.0 1.0 48.5 5.5 10.0 30.0 2 K/min

21 4.0 3.0 44.0 5.5 13.5 30.0 2 K/min

22 6.0 3.0 42.0 5.5 13.5 30.0 2 K/min

23 0.0 1.0 46.5 5.5 17.0 30.0 Quench

24 0.0 1.0 46.5 5.5 17.0 30.0 Quench

Fig. 1 Schematic presentation

of the experimental setup
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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 multi-valence nature

at different oxygen potentials, it was necessary to use a

closed system for all samples. 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 holder was

connected to the lifting unit via a steel rod with a Mo

extension. A B-type thermocouple was placed just below

the samples inside the reaction chamber. After the reaction

chamber was sealed, the whole system was evacuated with

a vacuum pump and then filled with the high quality argon.

This procedure was repeated at least 3 times. The furnace

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

were then lowered down slowly to the reaction chamber.

The samples were kept at this temperature for 6 h before

being cooled down with a rate of 2 K/min to the targeted

temperature of 1673 K, and kept there for 48 h. Finally the

samples were either cooled to room temperature at a rate of

2 K/min or quenched in the cooling chamber. Throughout

the tests, Ar was flushed through the chamber with a flow

rate of 0.1 ln/min. The weights of the sample before and

after experiment were carefully weighed. The weight

change was negligible, indicating thereby that no reaction

between the sample and gas phase took place (e.g.

decomposition).

Slag samples were prepared for SEM–EDS analysis

(Hitachi S-3700N with a Bruker EDS analyzer) to identify

the phases and their compositions. For this purpose, the

samples were mounted into conductive embedding material

and polished in ethanol. Gold coating was made using a

JEOL JFC-1300. The phase fractions were estimated using

a Leica DM4500 P instrument equipped with Leica LAS

and QWin image analysis software.

Results

In total, 4 main phases are identified in the quenched

samples, namely (1) spinel phase, (2) free silica and a

matrix consisting of two silicate phases. The multiphase

matrix has dendritic structure and the coarseness varied

between the samples. Samples slow cooled at a rate of 2 K/

min had the coarsest matrix structure. This indicates that

these phases have precipitated from a liquid phase during

cooling. This aspect will be discussed in detail later. The

quenched samples consisted either of two phases (spinel

and matrix) or of 3-phases (spinel, free silica and matrix) at

1673 K. As examples, Fig. 2 presents a SEM micropho-

tograph of the 2-phase equilibrium and Fig. 3 of the

3-phase equilibrium. Figure 4 presents a SEM micropho-

tograph for a slow cooled sample. Due to the tiny sizes of

the dendrites in sample no. 2, the matrix in Fig. 2 is marked

solely as M. Note that certain amount of Mo was detected

in the samples. The total amount of dissolved Mo in the

samples ranges from about 1–3 mass% as MoO2. The Mo

was expected to originate from the sample crucible. This

aspect will be discussed in detail later. The phases found in

the Al2O3–CaO–FeO–MnO–SiO2–V2O3 system as well as

the average compositions (over four measured values) of

the matrix are presented in Table 3 for the quenched

samples. The matrix was analyzed with area scan at 600

times magnification. Normalization was done by taking the

Fig. 2 Microphotograph of the quenched sample (no. 2) showing the

2-phase equilibrium of the matrix and the spinel phase. The spinel

phase, marked as SP, is the bright angular crystals and the matrix is

marked as M

Fig. 3 Microphotograph of the quenched sample (no. 24) showing

the 3-phase equilibrium of the matrix, spinel and free silica. The light

grey matrix phase is marked as M1, the dark grey matrix phase as M2,

the black phase is free silica and is marked as SiO2 and the bright

angular spinel crystals as SP
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sum of the six components, Mo excluded, as 100 mass%.

The average compositions (over four measured values) of

the spinel phase are presented for the quenched samples in

Table 4. It is well documented that the spinel phase is a

solid solution, the composition of which depends on the

weighed-in composition [24, 25].

As mentioned earlier, sample 23 and 24 were prepared

with the same weighed-in composition in order to examine

the reliability of the present technique. Both samples were

found to be in the 3-phase equilibrium region. The good

agreement between the samples indicates the repro-

ducibility of the experimental technique. Some minor

content of Al2O3 was found in the matrix and the spinel

phase in sample 23 and 24, despite a weighed-in compo-

sition of 0 mass% Al2O3. Some Al2O3 could originate as a

trace element in the used chemicals. However, it should be

pointed out that this concentration range (\0.4 mass%) is

below the limit of the measurement technique. The average

relative weight loss of all samples (including the whole

crucible) was 0.38 %. This indicates that the impact from

the surroundings was limited. V has been reported to

concentrate in the spinel phase; Ca to some extent dis-

tributed to the spinel phase, the Si to concentrate in the

silicate phases while Fe, Mn and Al coexist in the spinel

phase and the silicate phases [7]. While the present results

are mostly in line with these findings, no Ca is detected in

the spinel phase.

Discussion

The Closed System

As mentioned in the experiment part, a closed system is

used for each sample in the experiment. It implies that the

chemical potentials in the closed crucible are determined

by the sample compositions. This arrangement is neces-

sary, since the slag in the reactor is exposed to different

oxygen partial pressures through the thickness of the slag

Fig. 4 Microphotograph of the slow-cooled sample (no. 21) showing

the 2-phase equilibrium of the matrix and the spinel phase. The light

grey matrix phase is marked as M1, the dark grey matrix phase as M2

and the bright angular spinel crystals as SP

Table 3 Phases found in the

Al2O3–CaO–FeO–MnO–SiO2–

V2O3 system as well as the

composition of the matrix in the

quenched samples. M is the

matrix, SP the spinel phase and

SiO2 is the free silica

Sample ID Phases present Comp. of the matrix (mass%)

Al2O3 CaO FeO MnO SiO2 V2O3

1 M, SP 7.42 3.26 52.38 9.01 27.36 0.58

2 M, SP 6.38 15.17 41.90 8.08 28.06 0.40

3 M, SP 6.32 11.20 48.25 8.63 25.22 0.39

4 M, SP 6.61 7.96 45.70 8.50 30.59 0.64

5 M, SP 7.29 2.84 49.64 8.78 30.60 0.84

6 M, SP 5.61 9.31 48.79 8.38 27.33 0.59

7 M, SP 7.71 9.31 46.40 8.35 27.87 0.35

8 M, SP 6.45 9.57 48.73 8.76 26.07 0.43

9 M, SP 6.30 8.77 47.44 8.75 28.32 0.42

10 M, SP 6.94 7.35 49.45 8.60 27.22 0.44

11 M, SP 6.49 10.52 46.68 8.26 27.62 0.43

12 M, SP 5.78 9.11 49.48 8.58 26.72 0.33

13 M, SP 6.99 8.69 48.19 8.55 27.11 0.46

14 M, SP 6.75 12.76 41.24 7.75 30.78 0.73

15 M, SP 5.53 18.29 41.33 8.64 25.90 0.31

16 M, SP 5.58 3.99 57.92 9.20 22.79 0.53

23 M, SP, SiO2 0.39 3.21 58.31 8.37 28.62 1.11

24 M, SP, SiO2 0.38 2.18 58.52 8.54 28.78 1.61
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phase. The closed system would ensure that the sample

having different compositions being studied under well-

defined equilibrium conditions, with respect to the chemi-

cal potentials and temperature.

Precipitation of the Silicate Phases During Cooling

While the matrix was found to consist of mainly five metal

oxides, e.g. Al, Ca, Fe, Mn and Si oxide, the two major

components in the matrix are FeOx and SiO2. There is no

phase diagram available for this complex system. There-

fore, the three ternary systems, Al2O3–FeOn–SiO2, CaO–

FeOn–SiO2 and FeOn–MnOx–SiO2 are selected in order to

estimate the liquidus temperature of the matrix [26]. Nor-

malization is carried out by excluding all other components

than FeOn, SiO2 and the third component. The concentra-

tions of the three components are normalized in proportion

to their original fractions with their sum being 100 mass%.

The normalized compositions of the matrix phase in the

quenched samples are marked in the ternary systems in

Fig. 5a–c.

According to these ternary systems, it is very likely that

the matrix phase is liquid at 1673 K. It is commonly known

that a mixing of three liquids would not increase the liq-

uidus temperature. It is also indicated that the liquidus

temperature decreases with increasing Al2O3 and CaO

content in the investigated concentration range. The den-

dritic structure of the matrix suggests that the two silicate

phases have precipitated during cooling, due to insufficient

quenching. This dendritic structure would further support

the argument that the matrix is originally liquid at the

experimental temperature. Samples 17–22 were slow-

cooled. The compositional range of the silicate phases in

samples 17–22 is presented in Table 5. The molar ratio of

Fe to Si is about 2 in the light grey matrix phase shown in

Fig. 4 (sample no. 21). Therefore, this phase could be

referred to as olivine (Fe2SiO4) [7, 14]. The molar ratio of

Ca to (Mn ? Fe) and Ca to (Si ? Al) is about 1 and 2,

respectively in the dark grey matrix phase shown in Fig. 4

(sample no. 21). Hence, this phase is very likely the augite

phase. (Ca(Fe, Mn)(Si, Al)2O6) [7, 14]. Note that the

melting temperatures of both olivine and augite are lower

than the experimental temperature; the presence of the two

phases again strengthens the conclusion that the matrix is

liquid at the experimental temperature.

Presence of a Solid Spinel Phase at 1673 K

To verify the phase equilibrium of a solid spinel phase at

1673 K, line analyses of spinel crystals are made. An

example of a line analysis is presented in Fig. 6 (sample

no. 1), where the position of the line analysis is shown in

Fig. 6a and the concentration of Al, Fe, Mn, V and Si as

function of the distance along the line in Fig. 6b. The

concentrations of the components are relatively constant

over the spinel crystal and no overall gradients can be

observed. An abrupt change in the composition is seen at

the interface between the spinel crystal and the matrix. The

V2O3 content in the spinel phase is in average about 52

mass%. According to the phase diagram of the 2-phase

system FeO–V2O3 [15], the melting point for the spinel

phase with a FeO to V2O3 ratio of about 1 is over 1973 K.

The mean size of spinel crystals in industrial samples has

been reported to be in the range of 17–33 lm [8]. The

crystal size has been found to increase with increasing

holding time and decreasing cooling rate [7, 8, 27]. Most of

the spinel grains in the quenched samples are larger than

30 lm. Agglomerates of spinel larger than 100 lm are also

observed, shown in Fig. 2. The large size of the crystals

and the absence of concentration gradients in the spinel

grains strongly suggest that the growth of the spinel has

occurred during the long holding time at 1673 K.

Precipitation of ‘‘Free’’ Silica

Free silica is found in the samples with a weighed-in

composition of 0 mass% Al2O3, 1 mass% CaO and 17

mass% SiO2 (sample no. 23 and no. 24). Formation of free

silica is prohibited in samples with 1 mass% CaO and up to

17 mass% SiO2 by adding 5 mass% Al2O3 (sample no. 1, 5

and 16). Addition of 4 mass% Al2O3 is sufficient to prevent

the presence of free silica in samples with 3 mass% CaO

Table 4 Composition of the spinel phase in the quenched samples

Sample ID Comp. of the spinel phase (mass%)

Al2O3 FeO MnO V2O3

1 4.29 40.87 3.80 51.02

2 4.31 40.14 4.56 50.99

3 4.83 42.98 4.52 47.67

4 3.80 38.25 3.89 54.07

5 4.08 37.74 3.56 54.62

6 3.62 41.24 4.04 51.10

7 5.49 40.32 4.18 50.01

8 4.60 42.32 4.27 48.81

9 4.19 39.24 4.12 52.46

10 4.32 40.30 4.00 51.38

11 4.13 40.00 4.19 51.68

12 3.82 40.60 4.12 51.45

13 4.65 40.20 4.07 51.08

14 3.58 38.08 4.14 54.19

15 4.67 42.72 4.86 47.74

16 4.57 43.06 4.07 48.30

23 0.19 40.50 3.36 55.95

24 0.14 39.72 3.37 56.77
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and 13.5 mass% SiO2 (sample no. 6). It is shown in

Fig. 5a–c that the liquid compositions are close to the tri-

dymite composition triangle. It is also apparent according

to these figures that the precipitation of tridymite is less

likely to occur with increasing Al2O3 and CaO contents.

These findings differ from the suggestion of Ge et al. based

on a phase diagram analysis by considering the pseudo-

ternary CaO–FeO–MgO–SiO2 system [23]. They report

that precipitation of free silica is possible only if the SiO2-

content is above 40 mass% in the liquid [23]. In the present

work, free silica was found in samples (no. 23 and no. 24)

with a SiO2-content of below 30 mass% in the matrix.

To adjust the composition of the slag in order to pro-

hibit precipitation of free silica is important for the

roasting performance. Silica is also formed during

roasting when olivine is oxidized and decomposed to

Fe2O3 and SiO2 [5, 28]. Detrimental effect of silica is

associated with the formation of sodium silicates with

low-melting point, which encapsulate unreacted spinel

grains, consequently limiting oxygen diffusion towards

the spinel core [5, 28]. V oxides are thus retained in water

insoluble solid solutions. Another detrimental effect of

silica is that sodium silicates can hydrolyze during water

leaching to produce hydrated silica, which increases the

viscosity of the leaching solution and slows down dif-

fusion of vanadate ions in water [5]. It has been reported

that Al2O3, if present, forms sodium aluminum silicates,

which melt at higher temperature than those usually

applied in roasting and prevents formation of sodium

silicates with low-melting point [2, 5]. As a result, for-

mation of water-insoluble sodium aluminum silicates

such as NaAlSiO4 enhances V leaching [5]. Lime can

cause difficulties by forming insoluble calcium vanadates

Fig. 5 The normalized matrix compositions for the quenched samples marked in the ternary systems. a Al2O3–FeOn–SiO2 [26], b CaO–FeOn–

SiO2 [26] and c FeOn–MnOx–SiO2 [26]

Table 5 Composition range of the silicate phases in the slow-cooled

samples (no. 17–22)

Phase Comp. range of the silicate phases (mass%)

Al2O3 CaO FeO MnO SiO2 V2O3

Olivine 0.2–0.3 0.9–3.0 61–64 12–13 23–24 0.3–0.8

Augite 9–14 21–22 26–30 4–5 31–35 0.7–1.3
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during roasting [2, 28]. It can therefore be concluded that

alumina is the preferred additive to prevent precipitation

of silica in the V slag. However, to what extent an

addition of 5 mass% Al2O3 in the V slag will prohibit the

formation of sodium silicates with low-melting point, as

olivine is oxidized and decomposed, needs investigation

in the future.

The Effect of Al2O3 on the Phase Compositions

The effect of Al2O3 on the phase compositions is investi-

gated in the range of 4–6 mass% with CaO fixed at 3

mass% and SiO2 at 13.5 mass%. The contents of the

components in the matrix and the spinel phase as functions

of the total initial Al2O3 content are shown in Fig. 7a and

b, respectively. The bars represent the standard deviation

(STD) for each sample (over four measured values). It is

shown that Al2O3, in the matrix and the spinel phase,

increases with increasing total initial Al2O3 content. FeO in

the matrix and spinel decreases while the other components

are unaffected by the increasing initial Al2O3 content.

Al2O3 substitutes FeO in both the matrix and the spinel

phase, in similar proportions, as the total initial FeO con-

tent decreases.

The Effect of CaO on the Phase Compositions

The effect of CaO on the phase compositions is investi-

gated in the range of 1–5 mass% with Al2O3 fixed at 5

mass% and SiO2 at 13.5 mass%. The contents of the

components and their STD in the matrix and the spinel

phase (over four measured values) as a function of the

initial CaO content are presented in Fig. 8a and b,

respectively. The increasing CaO content in the matrix

results in a correlative decrease of FeO in the matrix,

without having any significant effect on the FeO content or

any other component in the spinel phase. The solely sub-

stitution of FeO in the matrix shows that CaO distributes to

the matrix. In an earlier work by Fang et al. [14], V in

spinel was found to decrease with increasing CaO in the

range of 2.81 and 14.94 mass%. In the present work, CaO

is found to substitute FeO in the matrix; no decrease of V in

the spinel is seen. In the work done by Fang et al., the

Fig. 6 Line-scan analysis of a spinel crystal in Sample no. 1, a the

position of the line analysis in sample no. 1 and b the concentration of

Al, Fe, Mn, V and Si as function of the distance along the line

Fig. 7 Chemical composition of Al2O3, CaO, FeO, MnO, SiO2 and

V2O3 as a function of the total initial Al2O3 content a in the matrix

and b in the spinel phase
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increasing CaO content in the samples was not balanced by

a correlative decrease of FeO [14]. CaO substitution of FeO

in the matrix could be used to explain the decreasing V

with increasing CaO content in the spinel phase, as

reported by Fang et al., since the distribution of FeO to the

spinel phase increases with increasing CaO.

The Effect of SiO2 on the Phase Compositions

The effect of SiO2 on the phase compositions is investi-

gated in the range of 10–17 mass% with Al2O3 fixed at 5

mass% and CaO fixed at 3 mass%. The contents of the

components and their standard deviation in the matrix and

the spinel phase (over four measured values) as a function

of the total initial SiO2 content are shown in Fig. 9a and b,

respectively. The increase of the SiO2 content in the matrix

from about 25–30 mass% corresponds to the decrease of

FeO and CaO together. The MnO and Al2O3 contents in the

matrix seem unaffected. On the other hand, the increasing

V2O3 content results in most significantly a correlative

decrease of FeO in the spinel phase.

The Effect of Al2O3, CaO and SiO2 on the Phase

Relationship

The effect of the total initial Al2O3, CaO and SiO2 contents

on the phase fraction of the spinel phase is shown in

Fig. 10. The phase fraction of the spinel phase is derived

according to the following:

Phase fraction of the spinel phase ¼ Asp

Atot � Ap

; ð1Þ

whereas Asp is the area of the spinel phase, Atot the total

area and finally Ap is the area of the pores. No impact on

the phase fraction can be observed with varying initial

Al2O3 and CaO contents. This is explained by the fact that

Al2O3 and CaO substitute FeO. As the samples are bal-

anced with FeO, increased weighed-in contents of Al2O3

and CaO lead to the corresponding reduction of the FeO

content. The phase fraction of the spinel is however

decreasing with increasing SiO2. This is clearly in line with

the impact of SiO2 on the phase compositions. The

decreasing phase fraction of the spinel phase explains the

Fig. 8 Chemical composition of Al2O3, CaO, FeO, MnO, SiO2 and

V2O3 as a function of the total initial CaO content a in the matrix and

b in the spinel phase

Fig. 9 Chemical composition of Al2O3, CaO, FeO, MnO, SiO2 and

V2O3 as a function of the total initial SiO2 content a in the matrix and

b in the spinel phase
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increasing V2O3 content in the spinel phase, as V2O3 is

fixed at 30 mass% and the V2O3 content in matrix is

generally below 1 mass%. The Al2O3 and MnO contents in

the matrix are not diluted with increasing initial SiO2

content due to the combined effect of decreasing spinel

phase fraction and decreasing Al2O3 and MnO contents in

the spinel phase. Increasing V content could be expected to

increase the phase fraction of the spinel phase, since V is

mainly distributed to this phase. Diao et al. have also

reported a spinel phase fraction of 0.45 and 0.36 for V slags

with 12.3 and 5.1 mass% V2O3, respectively [8]. Viscosity

of liquid slag has been found to decrease with increasing

V2O3 content if V is dissolved in liquid slag [18, 20].

Spinel and/or karelianite precipitate in V saturated slags

[16–20] which results in a sharp increase of the slag vis-

cosity [20]. The viscosity of V slags, i.e. the solid–liquid

mixture, is therefore expected to increase with increasing V

content and/or decreasing SiO2 content due to the higher

solid fraction in the slag. The V dissolved in the liquid

fraction is low and thus should have negligible impact on

the slag viscosity. The viscosity of the solid–liquid mixture

is an important topic to study, since it has great impact on

both the production of V slags and on the following

extraction processes. It is hoped that the present informa-

tion about the phase relationship will throw some lights on

the extraction of V, and therfore the sustainable use of the

V in the BOF slag.

Uncertainties Due to Dissolution of Mo From

the Crucible

Normalization was done by excluding Mo originating from

the crucible. Mo was mainly detected in the spinel phase

and was in the range of 2–6 mass% as MoO2. The spinel

phase fraction was in average 0.55 and consequently the

total amount of dissolved MoO2 in the samples ranges from

about 1–3 mass%. As the Mo content in the matrix is

small, its impact on the phase composition of the matrix

and the precipitation of free silica is expected to be minor.

Compositional variation of the spinel phase was only

observed with variable total initial SiO2 content. The V2O3

content increases from 47.7 mass% to 54.1 mass% and the

FeO decreases from 43.0 mass% to 38.3 mass% in the

spinel phase with increasing total initial SiO2 content from

10.0 to 17.0 mass% (shown in Fig. 9b). In comparison, the

compositional variation of MoO2 in the spinel phase is

small and thus expected to have a minor effect on the

observed relationships.

Conclusions

The phase relationship in FeO–SiO2 based V slag was

investigated experimentally at 1673 K. The compositions

studied covered the normal production range, namely

Al2O3 from 0 to 6 mass%, CaO from 1 to 5 mass% and

SiO2 from 10 to 17 mass%. The V and MnO were fixed at

20.4 and 5.5 mass%, respectively. The main findings can

be summarized as follows:

– Samples quenched at 1673 K were found to be solid–

liquid mixtures, either in 2-phase region consisting of

liquid and a solid spinel phase, or in 3-phase region

consisting of liquid, spinel phase and free silica.

– Free silica was only found in samples with a weighed-

in composition of 0 mass% Al2O3, 1 mass% CaO and

17 mass% SiO2. Formation of free silica was prohibited

in samples with 1 mass% CaO and up to 17 mass%

SiO2 by adding 5 mass% Al2O3. Addition of 4 mass%

Al2O3 was sufficient to prevent the presence of free

silica in samples with 3 mass% CaO and 13.5 mass%

SiO2.

– The V content in the liquid was generally below 1

mass% as V2O3, thereby indicating that almost all V

was kept in the spinel phase.

– Fe, Mn and Al coexisted in both the liquid and spinel

phase. Si and Ca were only found in the liquid phase.

– The fraction of solid phase, viz. spinel was found to

decrease with increasing SiO2 content.

– The SiO2 content in the solid–liquid mixture had a

large impact on the phase relations.
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MEFOS and Jukka Pitkäjärvi of Mustavaaran Kaivos Oy for your

support.

Fig. 10 Phase fraction of the spinel phase as a function of the total

initial Al2O3, CaO and SiO2 content

298 J. Sustain. Metall. (2017) 3:289–299

123



Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Lindvall M (2006) Selective oxidation of vanadium prior to iron

and phosphorus. E-publications Luleå University of Technology.
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