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Abstract 

A collaboration between SSAB Oxelösund, SSAB Tunnplåt, LKAB, MEFOS, Jernkontoret 
and LTU/MIMER financed by MISTRA started with the aim to survey the possibilities to 
recover vanadium from converter-slag . Pellets produced by LKAB have a V-content be-
tween 0.11 and 0.13 %. SSAB, Swedish Steel AB, runs their blast furnaces with 100 % 
LKAB pellets. As a result vanadium ends up in the converter slag (LD-slag). Recirculation 
of LD-slag as a slag former in the Blast Furnace practised at SSAB increases the vanadium 
load in the LD-converter. As a consequence the LD-slag produced by SSAB is very vana-
dium rich, 3- 5 weight % V2O5. The annual production of LD-slag at SSAB Oxelösund and 
SSAB Tunnplåt Luleå is approximately 350 000 tonnes. After the accident in Lillpite in 
northern Sweden where 23 heifers out of 98 cattle died of acute vanadium toxicity, LD-slag 
has been forbidden since 1992 as fertilizer in Swedish agriculture- and forestry industry. 
There is no other application of LD-slag partially due to the risk of vanadium leaching. As a 
result 170 000 tonnes each year is put on landfill. This corresponds to 4500 tonnes vana-
dium metal annual, with a currently potential value of US$ 130 millions. This can be com-
pared with the aggregated world V-production of 51 000 tons in 2004. The possible bene-
fits with V-recovery from LD-slag are dual; a sellable and valuable vanadium product and a 
sellable and usable slag.  

The steel industry is by far the biggest consumer of vanadium products, mainly ferrovana-
dium. Vanadium has many favourable properties in steels and as a result widely used in dif-
ferent types of steel; where HSLA-steels has been of great commercial importance. The best 
available technology for V-recovery from iron and steelmaking processes is based on pre-
oxidation of hot metal from iron-making prior to the decarburization step. However pre-
oxidation of hot metal at SSAB is not further considered due to the risk of disturbance of 
the main steel production line. The concept studied in this master thesis is based on reduc-
tion of LD-slag, producing a metal phase mainly consisting of V, P and Fe. If the V-content 
in LD-slag can be reduced below 0.3 %, it can be used externally as a road building mate-
rial. The next step is selective oxidation of vanadium prior to iron and phosphorus produc-
ing a V-rich slag phase, with O2 or CO2 as oxidant. To be able to sell the V-slag for direct 
FeV-production the ratios, V/Fe>1 and V/P > 500, must be reached. This report describes 
the results and the experiments carried out in purpose to examine the possibility of selective 
oxidation of vanadium. 

According to thermodynamics V-oxidation occurs before P- and Fe-oxidation. Initial small 
scale tests on selective oxidation were made with and without slag formers, an Al2O3- and a 
SiO2-based slag system were considered. Without slag formers the slag froze and target ra-
tios could not be reached, however the main phase had high V- and low P- and Fe-
contents. Phosphorus was mainly distributed in iron droplets in the slag. This confirms the 
hypothesis, that iron droplets were the main reason why target ratios could not be achieved 
in earlier investigations at MEFOS. With slag formers liquid slags were obtained for both 
cases, the investigation could serve as the basis for the larger scale tests carried out in a 150 
kg induction furnace. The target ratios, V/Fe>1 and V/P>500, could then be reached in 
the 150 kg induction furnace tests with CO2 as oxidant, hence selective oxidation of vana-
dium prior to iron and phosphorus is possible. Obtained ratios with the Al2O3-based slag 
system were; V/Fe = 1.4 and V/P = 1094, and in the SiO2-based slag system; V/Fe = 1.5 
and V/P = 556.  
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1 Introduction 

1.1 Background 

Jernkontoret, the Swedish Steel Producers Association, received in July 2004 42 MSEK to a 
four year environment research-program, “Towards a Closed Steel Ecocycle” from the 
Foundation for Environment Strategic Research (MISTRA). A collaboration between 
SSAB Oxelösund, SSAB Tunnplåt in Luleå, LKAB, MEFOS, Jernkontoret and 
LTU/MIMER financed by MISTRA started with the aim to survey the possibilities to re-
cover vanadium from converter-slag .This master thesis has been carried out at the Metal-
lurgical and Environmental Department at MEFOS, Metallurgical Research Institute AB, in 
Luleå Sweden and has been approved by MISTRA [1]. The apatite iron ore mined by 
LKAB in northern Sweden have vanadium and titanium dissolved in the magnetite [2]. The 
ore consists of 0.05 and 0.50 weight % V. Vanadium ions, V3+, have an ionic radius almost 
identical to that of Fe3+; hence vanadium substituted iron in the magnetite crystal lattice [3].  
This makes it very difficult to recover vanadium by mineral processing. Pellets produced by 
LKAB have a V-content between 0.11 and 0.13 %. SSAB, Swedish Steel AB, runs their 
blast furnaces with 100 % LKAB pellets. Due to low oxygen potential and high carbon con-
tent, vanadium is to a large extent reduced into pig iron in the Blast Furnace; therefore a 
vanadium rich pig iron is obtained (~0.3 % V), figure 1. In the following decarburization 
step with high oxygen potential, vanadium, phosphorus and manganese among others re-
ports to the slag phase, as a result high V-contents in the converter slag. SSAB have LD-
type converters in their steel production lines and therefore the converter slag is more 
commonly called LD-slag. Recirculation of LD-slag as a slag former in the Blast Furnace 
practised at SSAB increases the vanadium load in the LD-converter. As a consequence the 
LD-slag produced by SSAB is very vanadium rich, 3- 5 weight % V
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2O5 [2].  

 
Figure 1: Schematically drawing of the steel production line at SSAB.



 
 

Chapter 1 - Introduction 
 

The annual production of LD-slag at SSAB Oxelösund and SSAB Tunnplåt Luleå is ap-
proximately 350 000 tonnes. After cooling the slag is crushed and separated into two frac-
tions. The coarser fraction is used as slag former in the blast furnace; the circulation is cur-
rently limited to 50 % due to the increasing vanadium and phosphorus load. After the acci-
dent in Lillpite in northern Sweden where 23 heifers out of 98 cattle died of acute vana-
dium toxicity, LD-slag has been forbidden since 1992 as fertilizer in Swedish agriculture- 
and forestry industry [4].There is no other application of LD-slag partially due to the risk of 
vanadium leaching. As a result the finer fraction, about 170 000 tonnes is today put on land-
fill. This corresponds to 4500 tonnes vanadium metal annually, calculated at a V2O5-content 
of 5 weight %, with a currently potential value of US$ 130 millions. This can be compared 
with the aggregated world V-production of 51 000 tons in 2004. The accumulated amount 
of deposited LD-slag at SSAB Oxelösund is today 700 000 tonnes [5].  

The possible benefits with V-recovery from LD-slag are numerous; a sellable and valuable 
vanadium product and a sellable and usable slag. If for example the V-content can be low-
ered to 3000 ppm or 1000 ppm the slag can be used as a road building material or in the 
cement industry. A slag with a low V- and P-content also makes it possibly to increase the 
circulation of LD-slag. As comparison 1 tonne CaO (~2 tonne LD-slag) corresponds to 2 
tonne limestone; hence 2 tonne less CO2 and energy saving of 2 MWh in the blast furnace. 
Thus V-recovery from LD-slag is of the utmost importance both in a process economical 
and environmental point of view. 

Different concepts for V-recovery from 
LD-slag have been investigated during 
the initial years of the project. Based on 
the results from these investigations and 
experience from earlier projects; two 
different concepts remains. Both of these 
methods is based on reduction of LD-
slag producing a metal with high V-, P- 
and Fe-content, figure 2. In the end of 
the 90´: s MEFOS developed a method 
for the two step oxidation concept 
including the reduction step. The other 
process alternative is studied in this 
master thesis. The idea is selective oxi-
dation of vanadium prior to iron and 
phosphorus producing a V-slag that 
directly can be used for FeV-production. 
This production route has a potential to 
be approximately 30 % cheaper than the 
2-step oxidation concept [5]. This report 
describes the results and the experiments 
carried out in purpose to examine the 
possibility of selective oxidation of vana-
dium. 

Figure 2: Process routes for V-
recovery from LD-slag.

 
- 4 - 



 
 

Chapter 1 - Introduction 
 

1.2 Objectives 

The objective in this master thesis is to examine the possibility of selective oxidation of va-
nadium prior to iron and phosphorus. The V-slag composition must attain the following ra-
tios: V/Fe>1 and V/P>500, to be able to use the slag for direct FeV-production. Two oxi-
dants, O2 and CO2, and two slag systems, one Al2O3- and one SiO2-based system will be 
investigated.  The research will be made both theoretically and experimentally, in a 3 kg 
Tamman furnace and in a 150 kg induction furnace at MEFOS.  Analysis methods for 
evaluation are: chemically analysis, Scanning Electron Microscope and X-Ray Diffraction.  

1.3 Restrictions 

No reduction tests will be made in this master thesis. The metal after reduction is assumed 
to consist of 10 % V, 5 % Mn and 1 % P, according to earlier theoretical and experimental 
studies carried out at MEFOS. Iron oxide as oxidant is not considered due to the potential 
risk of increased Fe-content in the V-slag. Production of ferrovanadium by Al-reduction is 
a commercial process, therefore not considered.   

1.4 Vanadium, general information  

Vanadium is an element discovered by the Swedish Physical Chemist, Nils Gabriel Sefström 
1839, in iron produced from Taberg ore, Småland, Sweden [5]. He named the element in 
honour of the Scandinavian goddess Vanadis, because of its beautiful multicoloured com-
pounds [6]. Vanadium has atomic number 23, atomic weight 50.95 g/mole and is an ele-
ment in group 5B together with Nb and Ta. It is a typical multivalent transition metal: +2 
to +5. Pure vanadium is a soft white metal with a melting point at 1710ºC. It has good re-
sistance against alkali and acids. Vanadium oxidizes spontaneously at temperatures at ap-
proximately 660ºC. Vanadium does not occur as a native metal. In nature vanadium is a 
mixture between the two isotopes, 51V (99.76 % abundance) and the week radioactive iso-
tope 50V (0.24 % abundance). [7] Vanadium is ranked as the twelfth most abundant metal 
(135 ppm), thus considerably more abundant than base metals like Ni, Zn, Cu, Pb and Sn. 
Seventy five V-containing minerals are known; the states of valance differ among the min-
erals. The minerals can be divided into seven categories; oxides, phosphates, silicates, sul-
phates, sulphides, titanates, vanadates. Although vanadium forms numerous minerals almost 
all of the world sources are distributed in just four major types of deposits, figure 3. Nearly 
50 % of the total vanadium source is distributed in titaniferrous magnetite type deposit. The 
estimated aggregated world vanadium sources are accounted to 56 300 000 tonnes. The 
world vanadium production until 1989 was about 917 000 tonnes which is about 1.64% of 
the deposited vanadium known so far, approximately 1.6 % comes from titaniferrous mag-
netite. Commercial extraction of vanadium is feasible in most cases only as a co-product or 
as by-product of some other major mineral value, due to low concentrations of vanadium in 
the reserves. Vanadium in titaniferrous magnetite ore for example is a by-product or co-
product to iron in iron- and steelmaking process; which represents 80 % of the world’s pre-
sent vanadium production. Some vanadium is also produced from titaniferrous magnetite by 
direct soda treatment. Oils of the Caribbean and also in some oils from the Middle East 
contain large quantities of vanadium. Vanadium from these oils is distributed to the market 
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mainly as fly ash and boiler-slag (or boiler-ash). These residues are produced through com-
bustion of oils in electric power plants. The boiler ash is produced directly within the com-
bustion furnace while fly ashes are usually collected from the electrostatic precipitators. An-
other raw material is spent catalysts which are reclaimed both as V-bearing catalysts and as 
catalyst with deposited vanadium. Vanadium is also produced as a by-product of a few ura-
nium-mining operations on a small scale [3].  

4.9

25.9
21.9

3.6

Crude petroleum, tar
sands

Titaniferous magnetites,
magnetite-ilmenite ores
and titaniferous iron
sands

Phosphorite or
phosphatic shale
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low  titanium iron ores
and others

 
Figure 3: Distribution of world sources of vanadium in major deposit types in Mtonnes [3].

1.5 Vanadium products and their applications 

The main vanadium products are: V O2 5, VN and ferrovanadium (FeV). V2O5 is mainly used 
as catalyst in the chemical and polymer industry and for production of ferrovanadium, 
which is essentially used in the steel industry as a V-alloy. VN is used for direct alloying. 
Vanadium is also used in a multiple variety of applications in advanced research industry. 
The main applications are summarized in figure 4. The steel industry is by far the biggest 
consumer of vanadium products (84 %), mainly FeV. Generally is 80 % FeV80 and 20 % 
FeV45, ferrovanadium products with 80 % and 45 % V respectively. Al-V-Ti is the most 

important non-ferrous application and 
accounts for around 8 % of the total V-
consumption. The main use of vanadium in 
the chemical industry is as catalyst and 
colorant. Compounds of vanadium are 
versatile catalysts in a number of important 
chemical processes, because of its distinctive 
ability to transmit or exchange oxygen and 
electrons respectively.  The largest consumer 
of vanadium in the chemical industry is in 
the manufacturing of sulphuric acid by the 
contact process. In this process granulated 
V2O5 is used as catalyst to oxidize SO2 by air 
to SO3. The vanadium industry is very much 

Micellaneous
2%

Non ferrous
9%

Steel
84%

Chemical
5%

 

Figure 4: Consumption of vanadium in vari-
ous end use categories [3].
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dependent on the steel industry. The vanadium properties in steels are manifold; the main 
effects are the following;  

• Formation of carbides, VC, which improves hardness and wear resistance to tool 
steels at elevated temperatures. 

• Precipitation of VC and VN provide extra strength to structural and forging steels. 
They also limits grain growth; hence increased strength and toughness of steels. 

• Delays the formation of bainite and pearlite i.e. it increases martensite harden-
ability.  

• Vanadium is a ferrite stabilizer thereby suppressing the formation of bainite. 

As a result vanadium is widely used in different types of steel; low alloy steels, plain carbon 
steels, tool steels, forging steels are some examples. Vanadium containing high strength low 
alloy (HSLA) steels has been of great commercial importance since the beginning of the 
1960s. HSLA-steels are widely used for construction of gas and oil pipelines.  

1.6 Vanadium market and prices 

The world V-production rapidly increased from the 60’s to the 80’s to 35 000 tonnes an-
nual. The V-production was then at a relatively constant level up to the mid 90’s when the 
production increased again due to increased world steel production. The demand of vana-
dium in 2004 was 51 000 tonnes. The V-demand and supply and their dependence on 
world steel production during the years 1990 to 1998 is clearly shown in figure 5. Keep in 
mind that the steel production for 2005 is more than 1 billion tons [3].  
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Figure 5: The V-demand and V-supply dependence on the world steel production [5].

The average V-consumption per tonne steel worldwide is about 0.04 kg, mainly for use in 
HSLA products. The average V-content in Swedish steel products is much higher due to 
much more sophisticated special steels produced in this country, 0.10-0.15 % V. The annual 
increase of vanadium consumption is expected to be 5% in the coming years due to the fur-
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ther development of HSLA steels. The annual V-production 2002-2004 in the world’s ma-
jor V-producing countries is shown in table 1 [5].  

Table 1: The annual V-production in the world’s major V-producing countries [5]. 

Region/annual 2002 2003 2004 
V-production (tonnes/year) (tonnes/year) (tonnes/year)
South Africa  20 500 20 100 17200
China  13 200 13 200 14 000
Russia  8 000 5 800 8 000
Australia  3 060 160 0
Kazakhstan  1 000 1 000 1 000

 
In the major V-producing countries, the vanadium products are mainly prepared directly by 
roasting of titaniferrous ore and/or by vanadium rich slag (V-slag), from pre-treatment of 
V-bearing hot metal. A considerable amount of FeV produced in Japan, USA and EU are 
based on petroleum residues and spent catalysts. They also import a large amount of V-slags 
from South Africa, China and Russia for V2O5 and FeV production. The price of V-slag is 
problematic to set since the quality varies from one supplier to another. Usually the V-slag 
price is based on the contract between the individual V-slag supplier and the V2O5/FeV-
plants. The averagely FeV-price however has been about 15 US$/kgV in FeV [5]. However 
in 2005 the price went up to 130 US$/kg V in FeV but stabilized at 45 US$/kg V in FeV 
in November the same year. This exceptional price increase was a consequence of several 
factors; a strong demand by the steel industry, the permanent shut down of the Australian 
mine of Xstrata (up to 10% of world vanadium capacity), the disruption of V2O5-supply 
from Russia and the increased vanadium consumption per tonne steel. The production costs 
of the selective oxidation production route is estimated to <8 US$/kg V, hence despite of 
the substantial variation in V-price this concept is still very cost efficient [8].  

1.7 Environment and toxicities  

The concentration of vanadium in Swedish soils ranges from 40 to 150 μg/g. The Swedish 
guideline value for contaminated soils is 120 μg/g. The mean grade in the earth crust is ap-
proximately 100 μg/g while the vanadium contents in iron ores are even higher; 600-4100 
μg/g. The main vanadium discharge in the nature comes from the combustion of fossil fu-
els, products and residues from the steel industry, for example LD-slag. The vanadium pol-
lution in the air changes with season; the pollution is highest during the colder periods due 
to increased combustion of fossil fuels. In nature, vanadium mainly occurs at three different 
oxidation states, vanadium (III), vanadyl (IV) and vanadate (V). V5+ is the dominate ion at 
high pH-values while V3+ and V4+ dominates at low pH-values; hence vanadium is soluble 
and bio-available only under alkaline conditions. Vanadate is also the most toxic form of 
vanadium. For humans, toxic effects have been observed mainly in relation to the inhalation 
of V-containing dust in industrial processes. Different symptoms of vanadium poisoning are 
cold, cough, fatigue, exhaustion, irritation of the eyes and diarrhoea [7]. Symptoms on the 
cattle that died of acute vanadium toxicity in Lillpite were pulmonary lesions, conjunctivitis, 
leg in coordination, and paralysis of the hind limbs and face were also noted. High vana-
dium concentrations were found in the liver, kidneys, spleen and urine [4].  Vanadium has 
not been prioritised in an environment research point of view and for that reason the 
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knowledge regarding vanadium effect on the environment is still not clear. The V-toxicity 
for aquatic organisms seems to be generally small. However the activity of ground living 
micro-organisms is inhibiting by vanadium and as a result decreased phosphates activity; 
hence decreased supply of mineralized organic phosphorus for living plants [7].  

Slags from the steel industry are one of the major sources of vanadium disposal in nature. 
The three most important ones are BF-slag, EAF-slag and LD-slag. The V-content in EAF-
slag in scrap based steelmaking varies in a wide range but is in generally higher than in BF-
slag. Leaching of vanadium in BF-slag has been investigated several times due to its use as a 
road building material. The leaching tests have shown that the V-contents are approxi-
mately equal to V-rich bedrock. One explanation can be that vanadium is present as the re-
dox pair V3+/V4+in blast furnaces due to the very reducing condition there; hence the less 
soluble and less bio-available oxidation state. A large amount of the vanadium is also re-
duced in the blast furnace, thus a V-rich hot metal. As a consequence more vanadium ac-
cumulates in slags produced during the decarburization step, converter slag. The V-content 
in Swedish converter slags usually ranges between 1 to 5 % V2O5. Vanadium is most likely 
present as the redox pair V4+/V5+ in converter slag due to the high slag basicity practised in 
Swedish steelmaking; thus leaching of vanadium can be a big problem if converter slag is 
put on landfill [7]. However the leaching rate of the V-containing phases in converter slags 
is not completely investigated and the results are contradictory. 
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2 On-line production routes, state of the art 

There are a number of different production routes of vanadium production available today. 
The type of process used depends on the raw materials and end products to be produced. 
The main raw materials used today are titaniferrous magnetite ore, spent catalyst, petroleum 
residue and fly ashes. V-slag is not defined as a raw material since vanadium slag is a by-
product or co-product from ore based steel production. The current best available technol-
ogy for V-recovery from iron and steelmaking processes is based on pre-oxidation of hot 
metal from iron-making prior to the LD-decarburization step. The four most dominating 
processes are Highveld Process (South Africa), the Pan-steel Process (China), The NTMK-
duplex Process (Russia) and The New Zealand Steel V-recovery Process (New Zealand). 
The V-slag produced from the pre-oxidation step usually does not have a composition suit-
able for direct FeV-production and must be treated by hydrometallurgy methods. V-
extraction is a cost demanding part of the process and that also produces a lot of residues. 
Ferrovanadium can also be produced directly from V-slags or petroleum residues with high 
V2O5-content [3]. When a V-slag with suitable composition is obtained the last process step 
is reduction producing a very V-rich metal, ferrovanadium. These four processes based on 
pre-oxidation of hot metal, V-extraction and the production of ferrovanadium are briefly 
discussed in this section [9].  

2.1 V-recovery from iron and steelmaking processes 

The best available technology for V-recovery from iron and steelmaking processes is based 
on pre-oxidation of hot metal from iron-making prior to the decarburization step. The four 
most dominating processes are the Highveld Process, The Pan-Steel Process, The NTMK-
Duplex Process and The New Zealand Steel V-recovery Process. These four processes basi-
cally share the same chemical and process principles. Vanadium oxidizes by oxygen to a slag 
phase; coolants are usually millscale and scrap. This slag is called V-slag or V-spinel slag. The 
main difference between the processes is the type of reactor and the initial V-content in the 
hot metal (table 2); due to different V-contents in iron ores. As result the V-slags produced 
in the pre-oxidation step will also have different V-contents. One main drawback with V-
slag produced from pre-oxidation of hot metal is that it can not be used directly for FeV 
production due to the high Fe-content and relatively low V-content. Therefore it is most 
commonly used as raw material for V-extraction: hence conventional V2O5 or V2O3 pro-
duction [9]. These four processes also have very interesting similarities with the selective 
oxidation concept investigated in this master thesis. The main difference is the metal com-
position, 10 % V and 1 % P in the selective oxidation case which can be compared with the 
average hot metal compositions shown in table 2 for the three major V-producing countries.  

Table 2: Hot metal compositions for the three major V-producing countries and at SSAB [10]. 

Country Composition of hot metal in (%) 
 C V Si Mn P S Ti 
S.Africa (Highveld) 3.95 1.1 0.24 0.22 0.08 0.037 0.22
Russia (NTMK) 4.2-4.7 0.4-0.5 0.17 0.26 0.05 0.032 0.08-0.17
China (Pan-Steel) 4.5 0.37 0.2 0.21 0.05 0.05 0.12
Sweden (SSAB) 4.4 0.3 0.35 0.4 0.035 0.05 - 
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2.1.1 The Highveld process 

Highveld-Steel V-corporation in South Africa is the biggest producer of V-slag in the 
world, approximately 17 000 tonnes annually. Their V-slag is exported to EU, USA and Ja-
pan for further processing to V2O5 (V-extraction) and FeV alloys. A titaniferrous magnetite 
type of ore containing 1.65 % V2O5 is used as raw material. Figure 6 shows a schematic 
drawing of the Highveld steel V-recovery process. The hot metal is produced by pre-
reduction in a rotary kiln followed by melting in a submerged arc furnace. The V-content 
in hot metal is as high as 1.2 %.To achieve a high rate of vanadium oxidation and a low rate 
of carbon oxidation the shaking ladle has a working temperature around 1400°C. Steel 
scrap, millscale, anthracite and oxygen is added producing a V-slag with about 24 % V2O5. 
Mill scrap and anthracite are added during the oxygen blow to control the temperature and 
the carbon content of the bath. The slag is crushed and lumps of iron are removed with an 
overhead magnet. Slag fines are separated from coarse slag (6 to 32 mm) by screening [3].  

 
Figure 6: Highveld-Steel V-recovery process. 

2.1.2 The New Zealand Steel V-recovery Process 

The iron making process in New Zealand is very much like the Highveld process: pre-
reduction in rotary kilns and final reduction in a submerged arc furnace. The V-content in 
the hot metal is 0.42 %. The V-recovery step is carried out in a transfer ladle before the de-
carburization step with oxygen as oxidant [9].  

2.1.3 The Pan-steel process 

Pan-steel in China is another V-giant in the world. The titanium iron ore is melted in a 
blast furnace producing a pig iron with a composition according to table 2.  A flow sheet of 
the Pan-steel V-recovery process is shown in figure 7. The reactor in this case is very similar 
to a normal LD-converter. The V- and P-content in the different phases are shown below. 
The V/P-ratios in the hot metal and in the V-slag are 3.75 and 2000 respectively [9].  
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Pan-iron ore:

-13%TiO2, 

-0.55-0.7%V2O5

- 43-54%Fe

Hot metal: 0.3%V, 0.08%P, 0.2-0.3%Si

BF-slag: 22%TiO2

Slag/Hm

The V-process at Pan-steel, China
- Production of 13 000 ton

O2

= 0.67

O2

Mill scale

V-slag:

-17%V2O5, 

-14%SiO2, 

-9%Fe-metall, 

-26%FeO, 

-5-7%MnO, 

-0.01%P2O5

Semi- steel
with 0.06%V

V-slag (17%V2O5)

5 min Normal LD-blowing

 
Figure 7: Pan-steel V-recovery process [9].

2.1.4 The NTMK-duplex process 

The Russian NTMK process, figure 8, has a pig iron analysis approximately according to ta-
ble 2. The pre-oxidation of vanadium in hot metal is made in a ladle at a comparatively low 
temperature. Mill scale, scrap and V-bearing pellets are added as coolants. Oxygen is used as 
oxidant. One interesting feature of the process is that the V-slag remains in the pre-
oxidation converter for three cycles before it is tapped; producing a V-slag with 16-28 % 
V2O5 and a V-recovery of 85 % [9].  

 
Figure 8: The NTMK V-recovery Process [9]. 
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2.1.5 Pre-oxidation experiences at SSAB 

At lot of efforts has been made at SSAB in the past concerning removal of vanadium from 
pig iron. In 1972-1973 studies and trials were done both in Kaldo and in ladles to investi-
gate the possibility to produce a V-free pig iron. The main observations from the trials 
were; the reaction order of dissolved elements was Si, Ti, Mn and V, V-removal was 85-95 
%, no P-removal was observed and that selective oxidation of V in pig iron (prior to P-
refining) is possible as long as V-content is in the range of 0.3-0.5 %. In the beginning of 
the 80’:s full scale trials on pre-treatment of pig iron for V, P and S removal were per-
formed in ladles and torpedoes. The conclusion from these trials by Andersson and Carlsson 
were similar to the conclusion drawn by Grip 1972-1973. However no saleable V-slag 
could be achieved mainly due to the low V- and high Si- content in hot metal (table 2). In 
the middle of the 80: s Werme and Strömqvist made an extensive investigation which in-
cluded laboratory tests, pilot tests, test in industrial scale and some tests on pre-treatment of 
pig iron for P and S removal. The conclusions from this investigation were promising; a 
saleable V-slag for V2O5 production could be accomplished and selective oxidation of vana-
dium prior to phosphorus was possible. The Pre-treatment of pig iron for V and P removal 
has however not been included in the production chain at SSAB Luleå due to the risk of 
disturbance of the steel production line. Today there are no specific requirements regarding 
the P-content in V-slag for conventional V2O5 or V2O3 production (V-extraction). A sale-
able V-slag for this purpose must have a V/Si ratio higher than 1 and a V-content higher 
than 10 % [9].  

2.2 V-extraction 

The most common vanadium 
extraction route consists of three 
process steps; salt roasting and 
leaching, solution purification and 
finally precipitation and V2O5 fusion. 
Direct acid and alkali leaching is an 
alternative to salt roasting. However, 
they are only used in smaller com-
mercial plants treating U-V ores, 
catalyst, ash- and boiler-residues [3]. 
This process step is not required in 
the concept investigated in this 
master thesis. 

Salt roasting 

The objective with salt roasting is to 
render the metal-values water-
soluble; hence an anion of its maxi-
mum valence state. Soda and sodium 
sulphate can be used instead of salt; 
soda roasting and sulphate roasting respec- Figure 9: Flow sheet of vanadium extrac-

tion [3]. 
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tively. The chemical reaction for each reagent is summarized in table 3. Soda roasting is 
probably the most used method today due to high environmental requirements. Sodium 
sulphate is selective but high operational temperature and high price limits its use [3].  

Table 3: Chemical reactions and operational temperature for each reagent [3]. 

Reagents Chemical reactions Temperature 
NaCl, vapour 2NaCl+H2O(g)+V2O5=2NaVO3+2HCl(g) 800-900°C 
NaCl, without vapour 2NaCl + V2O5  = 2NaVO + Cl3 2(g)  
Over roasted 2NaCl+2NaVO3+H2O(g)= Na4V2O7+2HCl(g)  
Soda Na2CO3 + V O2 5 = 2NaVO + CO3 2 (g) 900-1200°C 
Na2SO Na4 2SO4 + V O2 5 = 2NaVO  + SO3 3 (g) 1200-1230°C 

 
Leaching and solution purification 

Water is the most commonly used leaching reagent but acid and alkali leaching are also used 
in some applications. Acid leaching with sulphuric acid ensure that insoluble V-compounds 
such as Ca-, Mg- and Fe-vanadates will be solved. Alkali leaching with soda can be used to 
recover U and V in U-V ores. Soda also solves the insoluble Ca-vanadate. Solution purifi-
cation is not always necessary but has been used, for example in the processing of titanifer-
rous magnetite with high chromium content. Although techniques such as precipitation and 
ion exchange have been used to achieve this separation, it is only solvent extraction which 
has been extensively investigated and applied. Solvent is usually amines [3].  

Vanadium precipitation and V2O5 fusion 

Vanadium precipitation is the final operation 
of the V-extraction process. It is important 
that the vanadium bearing solution is freed 
from impurities, especially phosphorus since 
vanadium is mainly utilized in the steel in-
dustry. The precipitation is determined by 
pH, concentration and temperature and can 
be made in many different ways. Red cake 
precipitation is one of the more commonly 
used precipitation processes, as shown in fig-
ure 10. V2O5 precipitates from the boiling 
solution by acidification with sulphuric acid. 
The solution is filtered and washed; the red-
brown flocculent material is known as red 
cake. The red cake can be further treated in 
many ways; the flow sheet shows two of 
them. Drying with air or fusion transforms 
the red cake to products known as technical 
grade oxide and fused black oxide respec-
tively. Another process for V-recovery in 
red cake is by ammonium metavanadate crys-
tallization (AMV), producing a product con-
taining 99.9 % V

Figure 10: Red cake precipitation process 
[3].

2O5 [3]. 
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2.3 FeV-production 

The vanadium bearing start materials that can be used for this application are V-slag, fly-ash 
and vanadium oxides (most common). The processes look a little bit different using fly-ash 
as raw material and are not included in this study. The production is based on reduction 
with aluminium, carbon or silicon, the produced metal is ferrovanadium. The overall reac-
tion is exothermic in the case of aluminium and silicon and endothermic with carbon. Both 
Al and Si have more negative standard free energy of formation of their oxides than that of 
the metal oxide to be reduced, illustrated in figure 11 for Al. The calculations were made in 
HSC CHEMISTRY 4.1, based on equation 1, 

32323 OAlMeAlMeO +⇔+ .       (1) 

The reduction is exothermic in the case of V2O5, FeO, P2O5, V2O3 and SiO2, endothermic 
in the case of MgO and CaO, hence a smaller amount of CaO is acceptable and help to in-
crease the fluidity of the alumina slag [11].  

 
Figure 11: -ΔG as a function of the temperature. The calculation were made in HSC 
CHEMISTRY 4.1 based on equation 1.

The V-content and the maximum allowed content of impurities in the most common FeV-
products are shown in table 4 below, the allowed content of phosphorus is especially low 
due to its use in steelmaking. Phosphorus- and iron- oxides are also reduced together with 
vanadium, figure 11. Within the project group and by discussion with ferrovanadium pro-
ducers it was concluded that a V-slag suitable for direct production of ferrovanadium must 
have the ratios; V/Fe>1 and V/P>500. However the alloy FeV45 (V/P≈100) has a smaller 
market in the US mainly for V-alloying in electric arc furnaces, but the price is lower com-
pared to the other V-alloys. The oldest and the most widely used process of these three is 
aluminothermic reduction. If low aluminium content is demanded silicothermic reduction 
is the most commonly used process method. 
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Table 4: V-contents and maximum allowed content of impurities for different FeV products [5]. 

FeV-alloys  V C N Al Si P S Mn V/P 
  (%) (%) (%) (%) (%) (%) (%) (%) (%) 
50-60%V 50-60 0.2   2 1 0.05 0.05  1000 
70-80%V 70-80     1 2.5 0.05 0.1   1400 
80%V 77-83 0.5   0.5 1.25 0.05 0.05 0.5 1540 
Carvan 82-86 10-15   0.1 0.1 0.05 0.1 0.05 1640 
FeV-carbide 70-73 10-12    0.5 0.05 0.05 0.05 1400 
Ferovan 42,min 0.85     7     4.5 - 
Nitrovan 78-82 10-12 6 0.1 0.1 0.05 0.1 0.05 1560 
FeV45 42-48 1   0.3 7 0.4 0.4 4 105 

2.3.1 FeV-production by aluminothermic reduction 

The overall aluminothermic reduction is, 

( ) 326/52 56103 OAlVFezFeAlOV alloyz +⇔++ ,     (2) 

where z is variable and usually ranges between 1 and 7. The reaction is highly exothermic 
and increases with increasing vanadium content.  The exothermicity of the reaction de-
creases with decreasing oxidation state of vanadium. Both V2O3 and mixtures of V2O3 and 
V2O5 have been processed in open aluminothermic reductions. When the autogenously re-
actions starts at 950°C, no further energy is required. Therefore it is possible to use a very 
simple reactor. But in spite of this, electric arc furnace is commonly used to ensure better 
V-yield. The charge usually consist of V2O5, Al, iron scrap and lime alternatively fluorspar. 
Low carbon ferrovanadium grades are usually produced in a standard open top three phase 
electric arc furnace lined with magnesia. Reaction and temperature are controlled by adjust-
ing the particle size of the reagents, rate of charge feeding and charge composition. When 
the reactions stop the electrodes are reintroduced into the molten slag to improve the set-
tling and maximize the reduction of V2O5. The slag is then decanted from the furnace and 
the metal is subsequently poured through the slag in purpose to further refine the metal. 
The slag has normally a high Al2O3-content and can be sold as ladle slag former in the steel 
industry. The vanadium recovery is usually about 95 % [3].  

2.3.2 FeV-production by silicothermic reduction 

The overall silicothermic reaction is,  

( ) 424/5/52 5410)(52 SiOCaVFeCaOSiFeOV
alloyyalloyy +⇔++ .   (3) 

FeSi serves both as reductant and as iron source for alloying. The exothermicity of the proc-
ess is lower than in the case of Al; thus an electric arc furnace is commonly used. The V-
recovery is less than in aluminothermic smelting and rarely exceeds 80 %. The main reason 
is that V2O3 and VO react with silica and forms vanadium silicates, even if lime is added to 
lower the SiO2 activity in the slag. The process is carried out in two stages; the metal from 
the first stage contains only 30 % vanadium and considerable amount of residual silicon. The 
metal is further refined with V2O5 which oxidize the residual silicon to the slag phase [3].  
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3 Off-line processes, state of the art 

3.1 Earlier experiences treating LD-slag 

When pre-oxidation of hot metal was excluded for further consideration, V-recovery from 
LD-slag has been of big interest in the past years. Converter slags in steel plants treating V-
ores normally contain 3 to 5 % V2O5. There is a large solid solution range between 
Ca2SiO4, Ca3V2O7 and Ca3(PO4)2, hence vanadium and phosphorus forms solid solutions in 
the converter slags. Vanadium has also been reported as a solid solution in Ca-ferrites. Dif-
ferent attempts have been made for direct recovery of vanadium in converter slag. Some of 
the attempts that have been investigated are; V-enrichment by mineral processing, V-
enrichment by cooling control of LD-slag with and without additives, direct soda treatment 
followed by leaching and direct leaching. Enrichment of vanadium by mineral processing; 
magnetic separation and flotation, with different cooling rates has been carried out by SSAB 
during 1977. The V-enrichment was poor and it was concluded by SSAB that enrichment 
by mineral processing is not technically feasible. V-enrichment with cooling control, with 
and without additives, has also been tested by SSAB. The result was a little bit contradic-
tory; the V-content in the silicate phase increased but the subsequent mineral processing 
gave poor phase separation. Further investigation of this enrichment technique has been 
carried out in this on-going MISTRA project. The result from this investigation shows that 
it is possible to form a silicate phase containing up to 30 % vanadium. Two thirds of the va-
nadium in the sample was concentrated in these phases. Despite the promising result this 
approach is not preferred by the industry since slag manipulation and cooling control at that 
time was not technical feasible. Direct soda roasting of LD-slag followed by leaching was 
another big V-project carried out by SSAB in 1977. The result was poorly, a vanadium 
yield below 50 % was obtained. A similar attempt has been made by MEFOS 1999. Instead 
of soda roasting, the slag was melted with soda before being leached. The test showed that 
high yields of vanadium was possible but with a high soda consumption as consequence. 
The high soda consumption was probably due to that a lot of Na2O was needed to substi-
tute CaO in the silicates in the LD-slag, since there is a large solid solution range between 
Ca2SiO4, Ca3V2O7 and Ca3(PO4)2. Thus to be able to convert all V to soluble Na-vanadates 
most of the Ca-silicates must be converted to Na-silicates. Leaching test with over 80 % V-
recovery was obtained. Despite the high soda consumption the overall process economy is 
still rather attractive [9].  

Also direct leaching of LD-slag has been investigated by MEFOS in 1999. Different leach-
ing solution was examined. Leaching using concentrated sulphuric acid had a V-recovery of 
approximately 90 % [12].  The major problem however with direct leaching using sulphuric 
acid and direct soda roasting followed by leaching is the huge amount of by-products gen-
erated. These methods were therefore excluded from further consideration due to environ-
mental reasons. For that reason another way to recover vanadium from LD-slag has been 
investigated; that are based on reduction of LD-slag [9].  
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3.2 Reduction of LD-slag 

Reduction of either cold or warm LD-slag is the first step in the selective oxidation process 
route investigated in this master thesis. The main advantages with this procedure are; no 
disturbance of the main steel production line, probably an almost V-free by-product (slag) 
with a more suitable composition for either external- or internal use. During the initial 
years of the MISTRA project a comprehensive theoretical work has been carried out to in-
vestigate the reduction selectivity of LD-slag. The purpose with the reduction is to enrich 
vanadium in the formed metal phase. The remaining slag, as mentioned earlier, could be re-
cycled or used externally, depending on the remaining amounts of heavy metals, essentially 
vanadium. It is of course most economically beneficial to reduce hot LD-slag than cold. 
The reductants considered during the initial years of the MISTRA project were C, Al, FeSi 
and CaC2. Calculations were made for three different cases; total reduction for each reduc-
tant respectively, 50 % pre-reduction with carbon and final reduction using FeSi, Al and 
CaC2 and finally 80 % pre-reduction with carbon and final reduction using FeSi, Al and 
CaC2. Calculated analysis of the obtain metals are shown in table 5 and the reduced slags in 
table 6. The calculations were based on a slag composition shown in table 6 [9].  

Table 5: Calculated analyses of the obtained metals with different reductant [9]. 

Weight (%) Cr Fe P V Mn Si Al C 
0 72 kg C 0.77 76.4 1.24 10.2 6.93 0.6 4 

100 kg FeSi 0.72 80.6 1.15 9.51 6.43 1.13 0 0.38
131 kg CaC2 0.79 77.7 1.26 10.4 7.04 0.41 0.00 2.48

0.42 95 kg Al 0.8 79 1.28 10.6 7.16 0.42 0.42
 
Table 6: Calculated analyses of the obtained slags with different reductant.  

Weight (%) MgO FeO MnO SiO2 CaO Al2O V3 2O P5 2O CaO/SiO5 2

LD-slag 11.15 25.22 4.2 8.52 41.86 1.27 5 0.7 4.9 
C 16.45 1.47 2.94 12.48 61.53 1.91 0.73 0 4.9 
FeSi 13.37 1.19 2.39 28.89 50 1.55 0.6 0 1.73 
CaC 14.04 1.25 2.51 10.65 67.22 1.63 0.63 0 6.3 2

Al 13.04 1.16 2.33 9.9 48.76 22.2 0.58 0 4.9 
 

The obtained metals had quite similar analyses independent on the reductant; about 10 % V, 
1% P and 5-6 % Mn. The P-content was not low enough to satisfy the required condition 
of V/P>500. The slag composition has in contrast to the metal composition large depend-
ency on the reductant used, table 6. Slag could internally be re-melted in a Blast Furnace, 
externally as road building material (V<0.3 %) and/or as an additive in cement manufactur-
ing (V<0.1 %). Therefore the final choice of reductant must be determined by the total 
processes economy not just by the reductant economy [9]. LD-slag reduction with coke has 
also been tested in a pilot scale in a DC-furnace in mid 90’s at MEFOS. The result showed 
that the V2O5-content in the LD-slag could be reduced from 5 % down to 0.34 % with P-
coke or anthracite. The result from the test campaigns showed that the DC-furnace is an 
excellent reactor for reduction of LD-slag and to control slag composition [13]. A continua-
tion of the project was initiated in 1999. The tests were carried out in the pilot Kaldo con-
verter at MEFOS for treating of 2 tonnes of LD-slag, with FeSi as reductant. Approximately 
450 kg metal phase was obtained. The obtained V-content was lower than the expected, 
5.3 %, due to the low initial V2O5-content in the treated LD-slag (3.62 % V2O5). The exo-
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thermal reaction between FeSi and molten LD-slag made it possible to run 1/3 of the 
charge with cold fine-fractionated LD-slag. This concept has several advantages over the 
DC-furnace concept: proven technology, simplicity in operation, environmental soundness, 
lower investment cost and lower operational costs. However the V-content in the reduced 
slag must be further (V<0.3 %) reduced to be able to use it externally. This can be possible 
to achieve by duo or multiple ladle reduction system. This is however the best concept be-
ing tested so far due to the many advantages compared to the DC-furnace concept [9].  

3.3 Further processing to a salable V-product 

After the LD-slag reduction a metal typically containing 10 % V, 1 % P and 5-6 % Mn 
could be obtained. The idea is then to oxidize the metal producing a V-slag with a high V-
content. If the slag contain high P- and Fe-contents it must be sold to a V2O5-producer; 
hence the same price as V-slag from pre-oxidation of hot metal. Two concepts still remains, 
the two step oxidation concept that eliminates the expensive soda roasting step in the con-
ventional V2O5 or V2O3 production route (section 2.2), and the direct FeV-production route 
by selective oxidation, investigated in this master thesis. A method for the two step oxida-
tion concept was developed by Ye et al. [9] in the end of the 90´s at MEFOS and is not 
further discussed in this study. 

In the direct FeV-production route by selective oxidation cold or hot LD-slag is first re-
duced (section 3.2) producing a metal phase with 10 % V, 5 % Mn and 1 %P. The metal 
phase is then oxidized either by O2, CO2 or millscale producing a V-slag with the ratios; 
V/Fe>1 and V/P>500.  The big advantage with this concept is that no conventional V-
extraction route is needed; as a consequence the direct FeV-production route has a cost sav-
ing potential around 30 % compared to the two step oxidation concept. Experiment regard-
ing selective oxidation of vanadium prior to iron and phosphorus by oxygen have been in-
vestigated earlier both in the pilot electric arc furnace (Ye, 1997), and in a 150 kg induction 
furnace (Ye et al., 1999) at MEFOS. The reason for not obtaining target values in these in-
vestigations; V/Fe >1.0 and V/P>500, was believed to depend on the high metal content 
in the slag due to the high viscosity slag [8]. The high viscosity of the obtained slag was be-
lieved to depend on formation of V-spinels, for example the FeO-V2O3-spinel has a melting 
point over 1750°C. The result closest to target values was; V/Fe =0.90 and V/P=241 [9].  

 

 
- 19 - 



 
 

Chapter 4 - Method 
 

4 Method 

4.1 Concept: selective oxidation of vanadium 

The metal obtained by LD-slag reduction is assumed 
to consist of 10 % V, 1 % P and 5 % Mn. Dependent 
on the type of reductant used the metal can also 
contain various amount of carbon and silicon. The 
idea is then to oxidize the metal producing a V-slag 
with high V-content and low P- and Fe-content. If 
the ratios; V/Fe>1 and V/P>500, can be reached the 
hydrometallurgical step (V-extraction) is unnecessary. 
The oxidants considered in this investigation are O2 
and CO2. Iron oxide has been left out of this study 
due to the risk for increased iron oxide content. The 
metal phase from the selective oxidation step can be 
circulated back to the blast furnace or the converter; 
however P-removal can be necessary. A V-slag with 
the target values can be sold directly to a FeV-
producer. As mentioned earlier the benefits with V-
recovery from LD-slag are numerous; a sellable and 
valuable product and a sellable and usable slag. Only 
selective oxidation is considered in this master 
thesis. The cost saving potential is around 30 % 
compared to the two step oxidation concept [9]. 

 

Figure 12: Selective oxidation of vanadium. 

4.2 Approach 

The approach includes the following investigations: 

 
• Pre-study: 

 -Thermodynamic calculations 

 -Theoretical slag study, Al
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2O3- and SiO2-based systems 

• Initial small scale tests in a Tamman furnace: 

-Without slag formers 

-With slag formers Al2O3- and SiO2-based systems 
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• Oxidation tests in a 150 kg induction furnace: 

-Without slag formers 

-With slag formers Al2O3- and SiO2-based systems 

4.3 Equipments and analysis procedures 

The advanced equipments used for this master thesis include: 

• Chemical analysis for determination of slag and metal compositions. 

• X-Ray Diffraction (XRD) for phase identification. 

• Scanning Electron Microscope (SEM) for detailed studies of element distribution in 
the different phases. 

• Mass Spectrometer (MS) for measuring the gas composition during the Tamman 
furnace experiments in purpose to control the yield of oxidants. 

The equipments and analysis procedures are explained in appendix 1. 

4.4 Pre-study 

4.4.1 Thermodynamic calculations 

FACTSAGE 5.1 has been used for thermodynamic calculations despite of the limited V-
data in the program. VOX and P2O5 are not included in the slag model in the most recent 
FACTSAGE package; hence VOX was treated as a solid. The principle is simple; the reac-
tion with the lowest Gibbs free energy is most likely to occur, thus the kinetics is not con-
sidered. The databases used for these calculations included ASlag-liquid and Fe-liquid. The 
temperature was 1650°C and the pressure 1 atmosphere. The calculations were based on the 
estimated element contents shown in table 7. The thermodynamic calculations were made 
with twice as much CO2 as O2, 20 and 10 moles respectively. 

Table 7: The calculations were based on the metal composition shown below. 

Element Weight Weight n 
  (%) (g) (mole) 
Fe 83.8 2178.8 39.02
P 1.0 26.0 0.84
V 10.0 260.0 5.10
Mn 5.0 130.0 2.37
Si 0.1 2.6 0.09
C 0.1 2.6 0.22

  2600.0   Total 
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4.4.2 Theoretical slag study 

According to earlier investigations by Ye et al. [8, 9] the reason for not obtaining target val-
ues was believed to depend on high metal content, iron droplets, in the slag due to the high 
slag viscosity. The high viscosity of the obtained slag was believed to depend on formation 
of V-spinels, with very high melting points. Two possibilities to minimize the amount of 
iron droplets in the V-slag are; magnetic separation, addition of slag formers. However it 
can be hard to reach the target values by magnetic separation alone, if not the V-slag is 
grinded to very fine fractions. Therefore this master thesis will investigate the possibility to 
obtain the target values by addition of slag formers. The purpose with this theoretical part is 
threefold; investigate P- and V- distribution between slag and metal, the theoretical back-
ground of V-spinels and suitable slag compositions.  

Phosphorus and vanadium distribution between slag and metal 

This section explains the thermodynamic background (in simple terms) of the equilibrium 
distribution of phosphorus and vanadium and the factors affecting them. A slag with high 
basicity has a high activity of O

 
2-; consequently basic components produce O2- ions while 

acid components consume them. Phosphorus in slag is mainly present as and  
ions depending on the phosphorus content and slag basicity; 
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The amount of  ions increases with increasing phosphorus content and decreasing slag 
basicity [14]. The equilibrium constant, K
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equation that explains the temperature dependence is;  
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Higher FeO-content increases the oxygen potential and consequently higher P-content in 
the slag [16]. The phosphorus and the vanadium distribution between slag and metal can be 
defined as; 
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the parentheses are used to designate a concentration in the slag phase and the square brack-
ets are used for a concentration in the metal phase. There is a significant difference in melt-
ing points between V2O5 compared to V2O3, 690 °C and 1970 °C respectively. V3+ can 
form a stable spinel structure with a very high melting point; hence the vanadium oxidation 
state has a big influence on slag viscosity. However the vanadium redox chemistry is not yet 
completely understood because of the existence of multiple oxidation states and particularly 
in the presence of other redox species such as iron and titanium. Vanadium can exist as 
V3+/V4+ or V4+/V5+ redox pair depending on the slag composition. It is also possible that the 
redox pairs co-exist over a certain range of oxygen potential, although Farah and Brungs 
[17] could not found oxygen potential in a CaO-MgO-SiO2-V2O5 system at which all the 
valences coexisted. V5+ is stabilized by high oxygen potential and high slag basicity. At a 
very low basicity the most dominating redox pair is most likely V3+/V4+ [17]. In a study by 
Inoue and Suito [18] V3+/V4+ were observed in slag compositions of CaO/SiO2 < 1. Their 
result also showed that log Lv was greater by a factor of two compared to log Lp, in the 
range of 13.0

2

<
+
SiO

MgOCaO  in a CaO-MgO-FeO-SiO2 slag system [18]. The activity coeffi-

cient of V2O3 depends on the basicity and oxygen potential of the slag. Low basicity and 
low FeO-content (figure 13) decreases the activity of V2O3 in CaO-FeO-SiO2-V2O3 sys-
tems. The result from an investigation by Peimin and Pei [19] showed that the theoretical 
activity coefficient of V2O3 as a function of slag basicity is in good accordance with the ob-
tained experimental data (basicity 0.6-1.2), to the right in figure 13 [21].  

 

 
Figure 13: Left: Effect of FeO content on activities of various components in quaternary system 
CaO-FeO-SiO2-V2O3 [19]. Right: Comparison between calculated data and experimental data 
of V O  activity coefficient [19].2 3

Spinels 

The spinel itself is MgAl2O4, but of more importance are the enormous numbers of com-
pounds that adopt the same crystal structure which also are called spinels. The general for-
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mula of aα -type or normal spinel is AB2X4, where A is usually a dipositive metal ion, B a 
tripositive metal ion and X a dinegative anion, most commonly oxygen, figure 14. The 
spinel unit cell consists of 32 oxide ions in a cubic close-packed (CCP) arrangement; thus 
the unit cell composition is actually A8B O16 32. There are octahedral sites at the centre of the 
cube and in the middle of each cube edge. The tetrahedral sites are positioned in the middle 
of each cubelet. In the normal spinel structure the A cations occupy one-eight of the tetra-
hedral holes and the B cations one-half of the 
octahedral holes. To indicate site occupancy, the 
subscripts t and o is commonly used to represent 
tetrahedral and octahedral cation sites 
respectively, e.g. Al2MgO4 can be 
written ( ) ( ) ( )4232 2 −++ OAlMg ot . Spinel 
structures can easily be identified due to the 
characteristic angular form. There are also 
inverse spinels in which the dipositive ions are 
located in the octahedral sites. There are twice 
as many available octahedral sites as tetrahedral 
sites; therefore one half of the tripositive ions 
can be placed in tetrahedral sites and the 
reminder occupies octahedral sites. A good 
example of an inverse spinel is magnetite, 
( ) ( ) ( )42323 −+++ OFeFeFe ot . If only the size 
factor and not the energy factor is considered 
almost all spinels would adopt the inverse 
structure due to that tetrahedral holes are 
smaller than octahedral holes, and tripositive cations are smaller than the dipositive cations. 
However the lattice energy depends on the ionic charge; hence lattice energy will be higher 
when tripositive ions occupy octahedral sites (surrounded by six anions compared to four in 
a tetrahedral site). Nevertheless, the inverse spinel structure is preferred by many transition 
metal ions because the d-orbital occupancy affects the energy preferences. The choice of 
normal spinel or inverse spinel for mixed transition metal oxides is usually determined by 
the configuration that gives the greatest crystal field stabilization energy (CFSE). For exam-
ple Fe

Figure 14: Part of the unit cell of the spinel 
structure showing the occupied lattice sites 
[20].

3+ ion has a d5- and Fe2+ ion d6-configuration; zero CFSE and nonzero CFSE respec-
tively (octahedral field). The CFSE of an octahedrally coordinated ion is greater than that of 
tetrahedrally coordinated ion; hence Fe2+ ions prefer octahedral sites. Spinels have also very 
interesting electrical and magnetic properties, especially ferrites in which the tripositive ion 
is Fe3+ [20].  

αVanadium forms -type spinels, formula AB2O4, with iron, zinc, magnesium and manga-
nese. Where the tripositive ions, B, are V3+ and the dipositive ions, A, are Fe2+, Mg2+, Mn2+ 
and Zn2+. In an investigation by Richardson et al. [21] ferrous oxide was found substituting 
manganese and magnesium, according to the equations;  

3232 OVFeOMgOFeOOVMgO ⋅+⇔+⋅ ,      (12) 

[21] .3232 OVFeOMnOFeOOVMnO ⋅+⇔+⋅      (13) 
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Cations like Ca2+, Sr2+ and Ba2+ can not form spinels with vanadium due to large ionic ra-
dius [19]. Earlier investigations by Ye [8] and [13] have shown that the most stable V-phase 
during selective oxidation of vanadium (slag consisting of V-, Mn- and Fe-oxides) most 
probably are V-spinels. The left picture in figure 15 shows the two-phase diagram of a FeO-
V2O3 system. The high melting point was also confirmed by a small scale test at MEFOS 
[8]. FeV2O4 and MnV2O4 have close crystal lattice values and it can be assumed that general 
regions of mutual solubility of these spinels exist. The tertiary CaO-FeO-V2O3 system is 
shown to the right in figure 15. Most interesting addition of 15 % CaO to FeV2O4 decreases 
the melting point from 1850 ºC to 1600 ºC.  
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Figure 15: Left: Phase diagram of the FeO-V O  system [23]. Right: Phase diagram of CaO-FeO-
V O  system [19].

2 3

  2 3

Vanadium and phosphorus containing phases in LD-slag and other slag systems 

Phosphorus in LD-slag is mainly present in solid solution with Ca2SiO4 and Ca-ferrites [9]. 
In a Chilean work the following phosphorus and vanadium containing phases in LD-slag 
have been identified: CaO·V2O5, 2CaO·V2O5, CaO·V2O5, 3CaO· V2O5 and 
3CaO·V2O5·P2O5 [3]. Grip [24] has also found a similar phase consisting of 54 % CaO, 14 
% SiO2, 7 % P2O5 and 25 % V2O5. It must be mentioned that LD-slag has a quite different 
composition and much higher basicity compared to V-slag. In earlier investigations at 
MEFOS regarding V-recovery from spent catalysts, liquid slags could be obtained in an 
Al2O3-CaO-MgO-SiO2-system with relatively high V2O5-contents and low P-contents. 
Based on the thermodynamic consideration in this section and earlier experiments, two slag 
systems were of interest, an Al2O3-, Al2O3-CaO-MgO-SiO2, and a SiO2- , CaO-Al2O3-
SiO2, based system and are presented below. 

The Al2O -CaO-MgO-SiO -system 3 2

The quaternary Al2O3-CaO-MgO-SiO2-system is presented in figure 16. In the lower right 
part of figure 16 the slag composition will consist of high Al2O3-content and low CaO-
content; hence an Al2O3-based slag system with very low basicity. Two compositions X and 
Y were chosen. A solidification of melt X will form a combination of the crystals, C3A5, A 
and CAS2; which corresponds to the composition triangle C3A5-A-CAS2. A melt Y falls 
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within the composition triangle C3A -C5 2AS-CAS2. Melt X and Y are summarized in table 8. 
The viscosities were calculated in the computer program THERMOSLAG 1.5 (2002). The 
viscosities calculated only gives an indication of the true viscosities. 

 

 
Figure 16: Liquidus surface in the system Al O -CaO-MgO-SiO  with 5 weight % MgO [23].2 3 2

Table 8: Melt X and Y: compositions, melting points, viscosities and phases formed in the sys-
tem Al2O3-CaO-MgO-SiO2.The viscosities were calculated at 1650 ºC in THERMOSLAG. 

MgO µ T Phases Melt CaO SiO2 melt

  (%) (%) (%) (Poise) (°C)   
X 15 30 5 < 10 1580 C3A5-A-CAS2

Y 20 35 5 < 10 1510 C3A5-C2AS-CAS2

 
The CaO-Al2O -SiO -system 3 2

The tertiary CaO-Al2O3-SiO2-system is presented in figure 17. A solidification of melt X 
will form a combination of the crystals, Cristobalite, Anorthite and Pseudowollastonite, table 
9. The viscosity at 1500 ºC is marked in figure 18; note that the viscosity at process tem-
perature, 1650 ºC, is even lower.  

Table 9: Melt X: composition, melting point and viscosity (1500 °C) in the system CaO-Al2O3-
SiO2. 

µ TMelt CaO SiO2 melt

  (%) (%) (Poise) (°C) 
X 20 60 ≈ 10 1400
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Figure 17: Tertiary phase diagram system; CaO-Al O -SiO  [25].2 3 2

 
Figure 18: Iso-viscosity (poise) contours of CaO-Al O -SiO  melts at 1500 ºC [23].2 3 2
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The chosen optimised slag former mixtures for the experiments 

Based on the results in this theoretical slag study melt Y in table 8 (Al2O3-based) and X in 
table 9 (SiO2-based) were chosen as slag former mixtures for use in the small scale and the 
mini-pilot scale tests. The influence of V-oxides on slag viscosity, melting point and com-
position in these systems are not well known and must be tested experimentally. 

4.5 Experimental setup 

4.5.1 Initial small scale tests in a Tamman furnace 

Purpose 

The purpose with the initial small scale tests without slag formers was dual; confirm that 
iron droplets were the main reason why target ratios could not be achieved in earlier inves-
tigations by Ye [9], and to investigate carbon dioxide as oxidant. The purpose with the ini-
tial small scale tests with slag formers was to experimentally investigate the two slag systems 
discussed in section 4.4.2, at a fundamental level. 

Tamman furnace

A Tamman furnace is a type of graphite furnace with continually water cooling in the man-
tle. The aluminium crucible was placed inside a graphite crucible. Between the graphite 
crucible and the furnace wall inert nitrogen gas was used as shielding gas, figure 19. The fur-
nace automatically controls the temperature; which can be measured thermoelectrically up 
to 1700 °C. An aluminium oxide lance was used to blow the oxidants.  The 40 kW furnace 
has the heating capability of 15 °C/min.  

 
Figure 19: Left picture: Schematically drawing of the Tamman furnace. Right picture: Tamman 
furnace with corresponding gas off-take, measuring- and control- station.

Experimental setup Tamman furnace tests 
 
Totally 8 runs were made, 5 without and 3 with slag formers. Four of them will be pre-
sented, two for each case. The experimental setup is schematically shown in figure 20. Metal 
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mixture made synthetically from low carbon (LC) iron and ferroalloys were melted sequen-
tially in the Tamman furnace in an inert nitrogen atmosphere. Both lance and crucible were 
of aluminium oxide. Upon attainment of a bath temperature of approximately 1650 ºC, slag 
formers as cold bonded agglomerates or as powder were charged in three of the eight runs. 
After complete melting, samples of the metal phase and slag phase (if any) were taken using 
a silica pipette and a metal rod respectively. The melt was then refined by blowing air/CO2 
with a small lance. Bath samples were taken after 30 minutes reaction time. This sample se-
quence was repeated until the desired degree of metal oxidation had been obtained. On 
completion of each test, the contents of the furnace were cooled to room temperature be-
fore the slag and metal were separated. Slag sample was taken from the cold slag. Test pa-
rameters are shown in table 10 below. The metal and slag samples in test run 3 and 4 were 
analyzed chemically at Analytica, two metal samples were also analyzed at SSAB for com-
parison. These slags were also analyzed with XRD at Luleå University of Technology. A 
quadrupole Mass Spectrometer was used as gas analysis equipment during the oxidation se-
quence in test run 3. The metal and slag samples in test run 6 and 8 were analyzed at De-
gerfors laboratory and at SSAB Luleå respectively. All slag samples and most of the metal 
samples were analyzed in SEM. 

  
Figure 20: Schematically representation of the experimental setup.

Table 10: Test Parameters initial small scale tests in the Tamman furnace. Test run 3 and 4 wi-
thout- and test run 6 and 8 with- slag formers. 

Test no. Ex. ID Gas r. Oxidant Reaction t. Temp.
    (Nl/min) (CO2/Air) (min) (ºC) 

3 T-1650--3 4.0 CO 150 16502

4 T-1650L-4 3.5 Air 180 1650
6 T-1650-6 4.0 CO 180 16502

8 T-1650-8 4.0 CO 120 16502
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Metal and slag mixtures 

The metal mixtures with approximately 10 % V, 5 % Mn and 1 % P were made syntheti-
cally from LC-iron and ferroalloys, the calculations are shown in appendix 2. The slag mix-
tures were prepared synthetically from finely grained and high purity chemicals. The cold 
bonded agglomerates were pressed at 40 tonnes for 5 minutes in a 60 tonnes hydraulic press. 
The compositions of the slag mixtures are shown in table 11, test run 6 with Al2O3- and test 
run 8 with SiO2- based slag system. 

Table 11: Slag mixtures composition, test run 6 (Al2O3-based) and 8 (SiO2-based). 

Ex. ID T-1650-6 T-1650-8 
 Weight (%) Weight (g) Weight (%) Weight (g) 

128 60Al2O 40 203

64 60CaO 20 20
16 0MgO 5 0

112 180SiO 35 602

100 320 100 300Total 

4.5.2 Oxidation tests in a 150 kg induction furnace 

Purpose 

The purpose with the oxidation tests in a 150 kg induction furnace was to obtain target ra-
tios, V/Fe>1 and V/P>500. 

Induction furnace 

Induction furnaces are used to melt both ferrous and non-ferrous metals. There are several 
types of induction furnaces, but all create a strong magnetic field by passing an electric cur-
rent (high-frequency AC) through a coil wrapped around the furnace. The magnetic field 
in turn creates a voltage across, and subsequently electric current through the metal to be 
melted. The electrical resistance of the metal produces heat which melts the metal. Induc-
tion furnaces are very efficient and are made in a wide range of sizes. 

 
Figure 21: Left picture: Induction furnace with tilting frame. Right picture: Alumina lining and 
porous plugs.  

The furnace used at MEFOS has the operating parameters, 96 kW, 2200 Hz and 850 V. 
The furnace consists of a tube of water-cooled copper rings, surrounding a container of 
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alumina refractory material. Vertically mounted metal ribs surround the coil and amplify the 
electromagnetic induction field. The furnace is fitted to a tilting frame allowing the melt to 
be tapped into a ladle, figure 21. The gas is introduced by porous plugs in the bottom. The 
process gas is cleaned in a Venturi-Scrubber. 

Experimental setup induction furnace tests 

Two charges, one with O2 and one with CO2 as oxidant will be presented in this report. 
Metal mixture produced synthetically from LC (<0.2 %) iron, high carbon (HC) (>4.0 %) 
iron and ferroalloys were melted in a 150 kg induction furnace in an inert nitrogen atmos-
phere. The C-content was around 0.5 weight % in average to shorten the melting process, 
higher C-contents increases wear on the lining. The ferroalloys were charged in the end of 
the smelting sequence. Time for melting was 2 to 3 hours. Upon attainment of a bath tem-
perature of approximately 1600 ºC, a metal sample was taken. The melt was then refined by 
blowing CO2 or O2/N2 by porous plugs in the bottom of the furnace. A propane burner 
was mounted in the top of the furnace as 
heating and afterburner device, the 
experimental setup is shown in figure 22. 
The time for oxidation was divided in 
30 minutes sequences. Bath samples and 
slag samples were taken in the end of 
each 30 minutes sequence. Between 
each sequence the slag was removed and 
new slag formers were charged and 
melted. Both the Al2O3- and the SiO2-
based system were tested; the amount of 
charged slag formers in each sequence 
was also varied. A temperature-probe 
was used for temperature measurement. 
On completion of each charge, the 
furnace was tilted and tapped. The slag 
mixtures were prepared synthetically 
from finely grained and high purity mate-
rials. The materials were well mixed before 
charging. Totally two charges were 
melted, charge 454 (CO

Figure 22: Schematically drawing of the 
experimental setup.

) was divided into 7 sequences and charge 455 (O2 2) into 3 se-
quences. Charged materials are shown in appendix 3, test parameters in table 12, temperature 
profile and material balance are shown in appendix 4. Metal and slag samples were analyzed 
at SSAB Luleå and at Degerfors laboratory respectively. 

Table 12: Test parameters induction furnace tests. 

Charge Ex. ID Gas f. Oxidant Time Temp. 
    (Nl/min) (CO2/O2) (min) (ºC) 

1 C454 10.0 CO 210 ~16002

2 C455 5.0 O 80 ~16002
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5 Results 

5.1 Thermodynamic calculations 

Amounts of formed oxides as a function of amount of oxidant added are shown in figure 23 
and 24, for O2 and CO2 respectively. The same amount of oxygen is available in both cases, 
twice as much CO
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2 compared to O2. 

 
Figure 23: The amounts of formed oxides as a function of O  added.  2

 
Figure 24: The amounts of formed oxides as a function of CO  added.  2
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According to thermodynamics there is good selectivity of oxidation of V, Mn and Fe. Since 
CO2 has a much lower oxidation potential than O2, it is expected that it will be easier to 
control the oxidation selectivity of V, Fe and P. According to available thermodynamic data 
phosphorus does not oxidize at these conditions. 

5.2 Initial small scale tests in the Tamman furnace 

5.2.1 Initial small scale tests without slag formers 

In this section the results from test run 3 (CO2) and 4 (air) will be presented. The physical 
properties of the obtained slags differed, however at the end of the oxidation sequence in 
both cases frozen slags were obtained. Consequently a lot of metal was mixed in the slag 
phases; hence the slag metal separation was poorly.  

Chemical analysis 

The chemical metal analyses for test run 3 and 4 are shown in figure 25. 

Figure 25: Element contents as a function of oxidation time, test run 3 (CO ) and 4 (air). 2 The 
two lines representing the metal analyses made at SSAB Luleå have the calculated analyses as 
starting values. 

The two metal samples analyzed at SSAB Luleå were higher in vanadium compared to 
metal samples analyzed at Analytica. The V- and Mn-content could only be lowered a few 
percent; however the gas utilization was low, approximately 20 -25 %, according to the 
Mass Spectrometer used in test no. 3. The slag phase compositions are shown in table 13 to-
gether with calculated ratios. 
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Table 13: Slag phase compositions test run 3 (CO2) and 4 (air), analyzed at Analytica. 

Ex. ID Mn P V Ti Al Fe Total V/Fe V/P 
    (%) (%) (%) (%) (%) (%) (%) 
T-1650-3 8.78 0.26 27.70 0.34 1.40 36.50 74.98 0.76 106.54 
T-1650L-4 14.90 0.20 23.20 0.23 1.21 42.50 82.24 0.55 116.58 

 
SEM 

In this section the line-scans and point 
analyses will be shown, mapping pictures 
together with line-scans spectra are 
presented in appendix. Viewing in SEM 
showed that the metal samples were very 
homogenously, both in the case of CO2 
and air as oxidants. The mapping picture 
in appendix 5 representing figure 26 
shows that the grain boundaries contain 
high contents of vanadium, manganese 
and phosphorus. The overall metal phase 
composition is shown in table 14; 
however the instrument was not 
calibrated specific for this type of ma-
terial. Figure 26: SEM picture representing the metal phase,     

test no. 3 (150 minutes).

Table 14: Metal composition in figure 26.  

 Weight (%) 
Point V Mn P Fe Total
Total 6.73 3.81 1.46 87.99 100

 
Similar slag phases were found in test run 
3 (CO2) and 4 (air), therefore only SEM 
picture representing test no. 4 will be 
presented. The point analyses shown in 
table 15 are marked in figure 27. The line 
scan spectra are presented in appendix 5 
and the mapping picture in appendix 6.  
Point 3 is shown with higher 
magnification in appendix 6. The analysis 
shows numerous areas where mainly iron 
and phosphorus are present; iron droplets. 
Point analyses 1 and 2 confirm this con-
clusion. There is a strong coexistence of 
Mn, P and O on a smaller scale, point 3. 
Vanadium is mainly present in the matrix 
(the dominating phase), point 4, together 
with oxygen, manganese and iron, but 
not with phosphorus. The matrix has 

Figure 27: Slag phase test no. 4 (180 minutes), 
mapping picture, point and line-scan analyses 
are also presented.
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sharp edges, which is characteristic for spinels structures. This confirms the theory that 
phosphorus will not exist in the V-spinel phase. 

Table 15: Point analyses marked in figure 27. 

Weight (%) Atomic (%) 
Point V Mn Fe O P Al V Mn Fe O P Al 

1 0.00 0.00 99.49 0.00 0.51 0.00 0.00 0.00 99.09 0.00 0.91 0.00
2 0.00 0.00 98.45 0.00 1.55 0.00 0.00 0.00 97.23 0.00 2.77 0.00
3 1.39 21.91 31.14 28.68 16.88 0.00 0.82 12.01 16.79 53.97 16.41 0.00
4 39.16 5.47 31.58 19.43 0.00 4.36 27.36 3.54 20.12 43.22 0.00 5.76 

XRD 

The diffraction patterns for test run 3 and 4 are shown in figure 28 and figure 29 below. Ele-
ment iron and spinels were present in both cases. Due to overlapping it is not possible to 
distinguish which type of spinel that is present.  However −α type spinels according to 
formula, , containing V, Mn, Fe and O is most likely the dominating phase. 
No phosphorus containing phase could be found, but the lowest detectable phase concen-
trations is around 3 %. In the case of air, iron as oxide, hematite, was found in XRD.  
 

42 OMeMe IIIII

 
Figure 28: XRD diffraction pattern test run 3 (CO ). * = Spinel phase.2
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Figure 29: XRD diffraction pattern test run 4 (air). * = Spinel phase.

5.2.2 Initial small scale tests with slag formers 

In this section test run 6 (Al
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2O3-based system) and 8 (SiO2-based system) will be presented; 
CO2 was used as oxidant in both cases. 

Chemical analyses 

The metal samples could not be analyzed at Degerfors; due to insufficient sample weights. 
However the slag analysis (SSAB), table 16, is of more importance in this part of the study.  

Table 16: Slag analysis as a function of time (min.). *GLF = Weight increase during heating.  

 Test run 6 (Al2O3) Test run 8 (SiO2) 
Time 0 60 120 180 0 60 120
Fe 1.48 2.55 31.52 26.57 1.37 0.75 2.74
Ca 11.61 11.09 5.85 6.75 11.20 12.64 9.98
Si 16.29 15.96 8.77 9.56 21.30 24.12 17.20
Mn 0.63 1.07 4.44 4.88 1.44 1.63 14.97
P 0.01 0.04 0.41 0.38 0.03 0.03 0.03
Al 21.38 21.24 12.31 15.15 8.90 10.24 16.45
Mg 2.06 2.04 1.20 1.40 0.06 0.07 0.05
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.10 0.06 0.07 0.07 0.12 0.14 0.13
V 0.19 0.90 11.89 8.32 0.39 0.17 1.25
Ti 0.03 0.03 0.11 0.07 0.07 0.14 0.58
Cr 0.05 0.04 0.01 0.02 0.03 0.03 0.03

0.13 0.35 0.38 0.31 0.28 0.23 0.46V/Fe 
14.55 22.97 28.98 21.92 11.08 5.69 47.73V/P 

0.2 1.70 23.20 19.20 0.7 0.2 7.4GLF* 
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The target values could not be reached in this initial small scale slag study. Most interesting 
the P- and Fe-content were very low in the SiO2-based system. 

SEM 

Figure 30 shows the SEM picture of the slag phase in test no. 6, the point analyses are in ta-
ble 17. 

 
Table 17: Point analyses marked in figure 30, test run 6 (Al2O3-based, 180 minutes). 

Weight (%) 
Point C O Mg Al Si P Ca Ti V Mn Fe 

1 2.78 15.58 5.08 24.61 0.13 0.19 0.31 0.51 26.88 15.87 0.69
2 3.18 16.80 6.29 28.32 0.21 0.21 0.57 0.37 20.43 15.63 0.53
3 2.57 16.40 5.28 25.38 0.27 0.21 0.31 0.46 25.83 15.19 0.98
4 1.99 16.14 5.16 24.98 0.26 0.11 0.38 0.48 26.45 16.31 0.88
5 3.26 25.08 2.44 22.02 15.41 0.43 10.86 0.40 1.71 11.01 0.00
6 2.36 24.24 2.63 22.39 15.46 0.43 10.68 0.34 1.71 11.32 0.45
7 3.00 26.19 2.17 21.07 15.92 0.49 11.29 0.35 0.97 10.67 0.59
8 1.34 2.69 0.40 0.37 2.85 0.79 0.27 0.21 12.89 3.56 68.07
9 1.18 3.21 0.43 0.36 2.94 0.90 0.21 0.21 13.98 3.16 67.10

  Atomic (%)   
1 7.18 30.22 6.48 28.31 0.14 0.19 0.24 0.33 16.38 8.96 0.38
2 7.80 30.97 7.62 30.94 0.22 0.20 0.42 0.23 11.82 8.39 0.28
3 6.54 31.37 6.65 28.79 0.30 0.21 0.23 0.30 15.52 8.46 0.54
4 5.16 31.42 6.60 28.82 0.29 0.11 0.29 0.31 16.17 9.25 0.49
5 7.01 40.52 2.60 21.10 14.18 0.36 7.01 0.21 0.87 5.18 0.00
6 5.19 40.13 2.86 21.98 14.58 0.37 7.06 0.19 0.89 5.46 0.21
7 6.43 42.08 2.29 20.08 14.58 0.41 7.24 0.19 0.49 5.00 0.27
8 5.54 8.34 0.81 0.68 5.03 1.27 0.33 0.21 12.54 3.21 60.39
9 4.83 9.84 0.87 0.66 5.13 1.43 0.26 0.21 13.45 2.82 58.92

 
Figure 30: Point analyses of the slag phase, test run 6 (Al2O3-based, 180 minutes). 
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The V-rich phase, point 1-4 has the ratio Mn:V:O, 1:2:4. The phase is in association with 
Al and Mg, but not with Si or Ca. The matrix, point 5 to 7, has higher Mn-content but 
otherwise similar composition as the charged slag. A metallic phase was also present in the 
sample with a composition according to point 8 and 9. An almost pure vanadium oxide 
phase was also discovered in association with the metallic phase. The slag in test no. 8, with 
the SiO2-based system, is shown in figure 31 and point analyses in table 18.  

 
Figure 31: Point analyses of the slag phase, test run 8 (SiO2-based, 120 minutes).
 
Table 18: Point analyses marked in figure 31, test run 8 (SiO2-based, 120 minutes). 

Weight (%) 
Point C O Al Si P Ca Ti V Mn Fe 

1 2.58 21.70 15.86 18.92 0.44 9.71 0.85 1.24 18.41 0.45 
2 2.66 25.36 16.45 18.06 0.45 9.18 0.76 1.20 16.78 0.58 
3 2.30 25.03 16.50 18.23 0.55 9.57 0.73 1.12 16.36 0.57 
4 2.51 3.81 0.51 9.11 0.97 0.16 0.19 20.94 8.61 45.80 
5 1.98 3.93 0.35 9.75 0.91 0.09 0.18 18.91 8.41 48.44 
6 2.46 3.95 0.49 9.23 1.29 0.17 0.15 20.38 8.20 46.75 
7 6.44 11.89 0.59 0.69 0.46 0.22 0.55 70.00 0.97 1.63 
8 4.99 9.42 0.47 1.28 0.42 0.27 0.71 69.51 1.45 5.11 
9 5.68 11.16 0.07 0.27 0.15 0.00 0.83 73.45 0.92 1.64 

  Atomic (%) 
1 6.06 38.23 16.56 18.99 0.40 6.83 0.50 0.69 9.44 0.23 
2 5.95 42.55 16.37 17.27 0.39 6.15 0.43 0.63 8.20 0.28 
3 5.18 42.39 16.57 17.59 0.48 6.47 0.41 0.60 8.07 0.28 
4 9.18 10.48 0.84 14.25 1.38 0.18 0.17 18.07 6.89 36.05 
5 7.34 10.92 0.57 15.43 1.30 0.10 0.17 16.50 6.80 38.56 
6 8.92 10.76 0.79 14.33 1.82 0.19 0.14 17.45 6.51 36.52 
7 18.94 26.23 0.77 0.86 0.53 0.20 0.41 48.52 0.62 1.03 
8 15.79 22.39 0.66 1.73 0.52 0.26 0.56 51.87 1.00 3.48 
9 17.37 25.62 0.10 0.35 0.18 0.00 0.64 52.97 0.62 1.08 
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The matrix composition (the dominating phase), point 1 to 3, has remarkable high Mn-
content and low Fe-content; however the V-content is also very low. Point 4 to 6 is a me-
tallic phase, with high P-, V- and Mn-content. A vanadium oxide phase appears to has 
formed inside the metal phase, in cracks and/or in grain boundaries (point 7 to 9), ratio 2:1. 
Viewing in SEM showed that the slag phase contained very small amounts of metallic iron.  

5.3 Oxidation tests in the induction furnace 

Chemical analyses 

The metal analysis for charge 454 (CO2) and 455 (O2) are shown in table 19 and table 20 re-
spectively, the P- and V-contents are plotted in figure 32. Because the focus in theses tests 
was to reach the target ratios (V, P and Fe), no ferromanganese was charged. The analysis of 
sample no. 4 in charge 455 is not reliable; due to that a low bath level resulted in an unrep-
resentative sample. Between sequence no. 4 and 5 in charge 454 more iron and FeP were 
melted to increase the level of the melt, and at the same time lower the V-content. Charge 
455 was tapped after only 3 sequences due to problem with the porous plugs in the furnace. 
The P-content is relatively stable; however it increases slightly in some sequences. 

Table 19: Metal composition in test C454 with CO2 as oxidant. The samples were analyzed at 
SSAB Luleå. 

Sample Seq. C Si Mn P S V Fe 
No. No. (%) (%) (%) (%) (%) (%) (%) 

1 i 0.50 0.23 0.45 1.26 0.008 9.45 88.10
2 1 0.43 0.25 0.42 1.27 0.009 8.76 88.86
3 2 0.38 0.28 0.35 1.24 0.009 7.85 89.89
4 3 0.35 0.28 0.32 1.24 0.010 6.90 90.90
5 4 0.29 0.33 0.26 1.21 0.011 6.02 91.88
6   0.52 0.18 0.30 0.77 0.010 4.16 94.06
7 i 0.46 0.20 0.30 1.04 0.010 4.25 93.74
8 5 0.32 0.17 0.26 1.08 0.010 4.10 94.06
9 6 0.24 0.19 0.18 1.02 0.011 3.56 94.80

10 7 0.21 0.12 0.14 1.07 0.012 3.16 95.29
i = initial analysis 
 
Table 20: Metal composition in test C455 with O2 as oxidant. Sample no. 1 to 3 was analyzed at 
SSAB Luleå, sample no. 4 at Degersfors laboratory. 

Sample Seq. C Si Mn P S V Fe 
No. No. (%) (%) (%) (%) (%) (%) (%) 

1 i 0.62 0.21 0.46 1.14 0.007 8.96 88.60
2 1 0.47 0.23 0.43 1.14 0.007 8.35 89.37
3 2 0.39 0.26 0.33 1.14 0.009 7.80 90.07
4 3 0.32 3.10 0.20 0.13 0.000 6.60 86.65

i = initial analysis 
 
The slag analyses are shown in table 21 below. The ratio V/P was calculated at a P2O5-
content of 0.05 (0.1/2) in sequence 4 and 7 charge 454. The target values could be reached 
both with the Al2O3- (sequence 4) and the SiO2-based (sequence 5) system with CO2 as 
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oxidant. If sequence 4 is calculated with a P2O5-content of 0.10 instead of 0.05 the V/P be-
comes 547; thus still larger than the target value (V/P>500). Target ratios could not be 
reached with O2 as oxidant; however fewer runs were made in charge 455. 

 

 
Figure 32: P- and V-content in charge 454 and 455 as a function of the sample number, the cor-
responding sequence numbers are marked on a separate axel. 

Table 21: Slag analyses in C454 (CO2) and C455 (O2). The yellow marked rows indicates the two 
references runs (no slag formers were charged), grey marked rows that an Al2O3-based slag sys-
tem and finally white marked rows that a SiO2-based system were used. The ratio V/P in se-
quences 4 and 7 (charge 454) were calculated with a P2O5-content of 0.05.  

Charge Seq. Fe2O V3 2O Al5 2O SiO MgO P3 2 2O CaO Sl.f.* V/Fe V/P 5
    (%) (%) (%) (%) (%) (%) (%) (kg)     

454 0 68.0 25.7 3.2 1.3 0.9 0.7 0.2 0.0 0.3 47
  1 64.9 25.5 3.8 2.1 0.4 0.8 0.6 0.5 0.3 41
  2 45.7 34.0 7.0 6.4 1.8 0.3 2.1 1.0 0.6 146
  3 29.1 47.1 6.9 10.0 0.8 0.2 3.3 0.5 1.3 302
  4 24.4 42.6 7.2 17.0 0.4 <0.1 5.4 1.0 1.4 1094
  5 23.6 43.3 8.8 14.4 0.7 0.1 4.7 1.0 1.5 556
  6 35.1 25.4 9.5 20.2 0.5 0.2 5.7 2.0 0.6 163
  7 22.8 24.8 17.6 20.9 2.4 <0.1 7.8 2.0 0.9 637

455 1 62.4 24.7 5.5 1.9 2.7 0.5 0.3 0.0 0.3 63
  2 39.8 24.9 14.2 9.1 5.0 0.3 3.6 2.0 0.5 107
  3 41.6 18.7 12.8 16.7 2.7 0.4 4.9 2.0 0.4 60

* = The total amount of charged slag formers in each sequence.
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6 Discussions 

6.1 Thermodynamic calculations 

According to thermodynamic calculations there is good selectivity of oxidation of V, Mn 
and Fe. Since CO2 has a much lower oxidation potential than O2, it is expected that it will 
be easier to control the oxidation selectivity of V, Fe and P, thus CO2 has the potential to 
be more selective than O2, hence avoiding oxidation of iron. The calculations also show 
that vanadium first oxidizes to VO before V2O3 forms. According to thermodynamics phos-
phorus does not oxidize under the corresponding process conditions. However the access to 
thermodynamic data in FACTSAGE 5.1 databases, especially for vanadium and phosphorus, 
are limited. 

6.2 Initial small scale tests in the Tamman furnace 

6.2.1 Initial small scale tests without slag formers 

The metal samples were homogenously. There is an enrichment of vanadium, manganese 
and phosphorus in grain boundaries. The weighted (calculated) and measured analyses show 
quite different results, especially in the case of vanadium. Some difference is expected due 
to variation in ferroalloy compositions and due to analytical accuracy. These explanations 
can be the reason for the divergence in Mn- and P- but not the V-content. Based on the 
two samples analyzed at SSAB Luleå, SEM and the calculated analyses it can be concluded 
that method M5 at Analytica has low analysis accuracy for vanadium, however the analysis 
error in vanadium seems to be systematic and not randomly. Variations in P-content were 
within the analytical error. Vanadium and manganese oxidize simultaneous both in the case 
of CO2 and air which is in agreement with thermodynamic calculations. The slow kinetics 
is probably due to bad gas dispersion; smaller bubbles could have increased the gas utiliza-
tion. This is most likely the main reason why the V-content in the metal could not be fur-
ther decreased. Metallic iron and spinels were found with XRD in the slag samples in both 
cases. Hematite was only found in test no. 4, with air as oxidant. Mapping analyses in SEM 
showed that metallic iron was present in high concentrations in the slag samples. In the slag 
phase, phosphorus was mainly distributed with metallic iron. However a phosphorus-, 
manganese- and oxygen- rich phase, probably manganese phosphate, was also found on a 
smaller scale. No phosphorus containing phase could be found with XRD, but the lowest 
detectable phase concentration is about 3 %. An almost pure V-oxide was discovered in as-
sociation with metallic iron. Vanadium has a strong correlation with manganese, alumin-
ium, oxygen and some iron, but not with phosphorus. This is the main phase and the point 
analyses showed that the V-content was considerable higher than the Fe-content. This 
phase is most probably of spinel type based on the results found in XRD and SEM. Accord-
ing to XRD the 
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−α type spinel, is the dominate phase. In SEM the character-
istic spinel structure was observed with a Mn:V:O ratio of approximately 1:2:4. The chemi-
cal slag- and XRD- analyses indicate that CO

42 OMeMe IIIII

2 is more selective than air regarding manga-
nese and iron. The ratios, V/Fe and V/P, could not be reached in this initial small scale. 
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The main reason is most probably due to frozen slag; thus bad slag-metal separation and as a 
consequence a high content of iron droplets (found in SEM and XRD). However the main 
phase in each run had a composition suitable for FeV-production, in some cases with up to 
40 % V.  

6.2.2 Initial small scale tests with slag formers 

Al2O3-based slag system, test no. 6 

A liquid slag with approximately 10 % V was obtained. Viewing in SEM showed that the 
slag contained some metallic iron. The chemical slag analysis shows a relation between P 
and Fe, the P-content increases with increasing Fe-content. The weight gain (GLF) in-
creased with increasing Fe-content, most likely due to oxidation of metallic iron in the slag 
samples. The relatively high content of metallic iron can be related to the comparatively 
high viscosity of the alumina slag and difficulty in sampling. The problem should therefore 
be smaller on a bigger scale. An almost pure V-oxide phase, ratio 1:1, was also found in as-
sociation with iron droplets in the slag. This could be an indication that the formation of 
VO occurs before the formation of V O2 3. The main phase can be further simplified into 
two main phases. One of theses phases primarily consists of almost non-reacted slag formers, 
the main difference is lower Mg-content and higher Si-content. The Mn-content in this 
phase is up to 10 weight %, the V- and Fe-content is very low. The other phase contains up 
to 30 weight % V and low Fe-contents. This phase was found in association with the slag 
formers Al2O3 and MgO, but not with SiO2 and CaO. The Mn:V:O ratio is 1:2:4; thus 
probably a spinel phase.  

SiO2-based slag system, test no. 8 

According to chemical analysis the liquid slag only contains a few percent Fe. Only a small 
amount of iron droplets were observed in SEM and almost no iron was found in the matrix. 
The chemical slag analysis shows that P-content is 0.03 weight %, thus the P-content in the 
main phase found in SEM is almost certainly due to overlapping between phosphorus and 
gold (coating). The P-content in iron droplets on the other hand was found significantly 
higher than in the main phase. The Mn-content in the slag is about 16 %, however the V-
content is very low. The low basicity slag can more easily react with network breakers as 
manganese than with vanadium oxides, above all more easily than with the network former 
P2O5. When the Mn-content in the metal phase has been adequate lowered, vanadium ox-
ide has a great potential to be included in the slag network. The reason for not obtaining 
higher V-contents in test no. 6 and 8 can be a combination of; bad gas utilization, too much 
slag formers in relation to material oxidized and practical problem associated with the lance.  
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6.3 Oxidation tests in the induction furnace 

When at least 1 kg slag formers were charged in each sequence a liquid slag was obtained 
and target values could be reached, with both systems. According to the metal- and slag- 
analyses CO2 is more selective than O2 in agreement with earlier observations and thermo-
dynamic calculations. The manganese influence on the system, above all the influence on 
the slag melting point was not investigated in the mini-pilot scale tests. Manganese could 
lower the slag melting point because it has a similar effect as iron, but a higher melting 
point is also possible due to the formation of Mn-spinels. The V-content in the slag is not 
necessary lowered if manganese is present (reaction order V→Mn→Fe), in fact it is possible 
that the V/Fe ratio increases. 
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7 Conclusions 

In the initial small scale tests without slag formers phosphorus was mainly distributed in iron 
droplets. This confirms the hypothesis, that iron droplets were the main reason why target 
ratios could not be achieved in earlier investigations at MEFOS. 

Two slag systems, table 22, were found suitable for the research assignment. 

Table 22: The table shows the slag compositions in the two systems. 

 

The target ratios, V/Fe>1 and V/P>500, could be reached in the 150 kg induction furnace 
tests with CO2 as oxidant, hence selective oxidation of vanadium prior to iron and phos-
phorus is possible. Obtained ratios in the Al2O3-based slag system were; V/Fe = 1.4 and 
V/P = 1094, and in the SiO2-based slag system; V/Fe = 1.5 and V/P = 556. CO2 is more 
selective than O2. 
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8 Work to be done 

To reproduce the result obtained in this master thesis more tests should be carried out in the 
induction furnace or in another suitable furnaces with a capacity of 100 kg or more, with 
focus on CO2 as oxidant. It would also be interesting to further study the slag phases from 
the mini-pilot scale tests, with for example SEM and/or XRD. 

To trim the process step further there are at least a couple of parameters to consider:  

• Selectivity at lower V-contents in the metal phase 

• Manganese influence on the system 

• Different slag composition 

• The amount of charged slag formers 

• Selectivity at different gas flows.  

The results from these tests could provide the information to make the decision for further 
testing in pilot scale, for example 5 tonnes or more. 
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Chemical analysis 

Metal samples were analyzed with two and slag samples with three different methods, these 
methods are explained below. 

Analytica, method M5 

Approximately 0.5 g sample, both metal and slag samples, was dissolved with HCl and HF 
in a microwave oven. The samples were analyzed according to the EPA-methods 200.7 
(ICP-AES - Inductively Coupled Plasmas Atomic Emission Spectroscopy), and 200.8 (ICP-
MS - Inductively Coupled Plasmas Mass Spectrometry). The margins for error using these 
analysis techniques are: V: ± 8.0 %, Mn: ± 10.0 %, Si: ± 8.0 % and P: ± 14.0 %.  

SSAB Tunnplåt 

The standard sample probes for use with liquid iron and steel were dried before being used. 
The metal samples were grinded and polished before being analyzed with X-ray Fluores-
cence Spectroscopy. The C- and S- content were analyzed in a Leco-instrument. In this 
type of combustion analysis, carbon and sulphur is oxidized to carbon- and sulphur-dioxide 
respectively. The combustion products are then measured by infrared absorption. Slag sam-
ples were first grinded with acetone before being heated to approximately 900°C. After 
lithium tetra borate fusion to briquettes the samples were analyzed by X-ray Fluorescence 
Spectroscopy.  

Degerfors laboratory 

The slag samples were grinded to about 45 μm before being pressed with borax (sodium 
borate) to briquettes in a 40 tonnes hydraulic presser. The briquettes were then analyzed 
with X-ray Fluorescence Spectroscopy.  

Mass Spectrometer 

Principle 

Mass spectrometry is a technique for studying the masses of atoms, molecules and fragments 
of molecules. The species are separated according to their mass-to-charge ratio, m/z. The 
quadrupole is the most common mass separator used today. It usually consists of four paral-
lel metal rods to which a constant voltage and a radio-frequency oscillating voltage are ap-
plied. The electric field deflects ions as they migrate toward the detector, allowing only ions 
with one particular m/z ratio to reach the detector. The applied voltage can be changed 
very frequency; hence ions of different m/z ratios are selected to reach the detector. [26] 

Equipment 

The apparatus used was an Airsense 2000 mobile multi-channel gas analyzer with a hold-up 
time of 15 ms and an accuracy of ± 2 %, figure A1. The primary gas, Xenon and Krypton, is 
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ionized in an electron impact ion source by an electron beam (hot filament). The sig-
nal/noise ration is optimised by the integrated octopole separator, focusing the primary ions 
and filtering out any interference. In the second octopole conduct field with a charge ex-
change cell the sample gas is ionized and the primary gas de-ionized. The quadrupole mass 
filter then separates the ionized sample gas molecules for further detection at the fast pulse 
counter. As a result no fragmentation or overlapping spectra can damage the interpretation 
of the detected result [27].   

Method 

The gas outtake pipe was placed a couple of centimetres above the melt, a dust filter was 
placed before the instruments gas intake. The spectrometer was calibrated for CO(g), 
CO (g) and their isotopes. The measurement pipe and filter were cleaned by blowing com-
pressed air every 40 minutes.

2

 

  
Figure A1: Schematic drawing of a quadrupole mass spectrometer system [27]. 

 
X-Ray Diffraction 

Principle 

X-rays are electromagnetic radiation of wavelength in the range of 10-8 to 10-11 m. They 
occur between gamma-rays and ultraviolet radiation in the electromagnetic spectrum. X-ray 
diffraction has been used in two main areas, for the fingerprint characterization of crystalline 
materials and the determination of their structure. Each crystalline solid has a unique X-ray 
pattern which can be used as a fingerprint for its identification. After the material has been 
identified, X-ray crystallography may be used to determine its structure, i.e. the packing of 
atoms, interatomic distance etc. This is possible since all crystal systems are built up from 
unit cells. There are seven known unit cells triclinic, monoclinic, orthorhombic, tetragonal, 
hexagonal, rhombohedral and cubic. Strong intensities are obtained at different values i.e. 
different atomic planes. From these values the interplanar spacing between atoms in the 
crystal (d-spacing), according to Bragg’s law, can be calculated which reveals the material 
structure. The X-ray radiation most commonly used is that emitted by copper. The beam 
strikes the sample and diffraction occurs in every possible orientation of 2θ, figure A2. The 
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diffracted beam is detected by a moveable detector at a constant angular velocity. The 
analysis procedure is based on comparison between determined d-spacing and reference d-
values; hence the comparison is very much simplified if some of the elements or the com-
pounds in the sample are known. X-ray is a very important characterization tool in solid 
state material science. The technique requires only a small amount of material and is non-
destructive; therefore further analysis can be carried out on the same material [28].  

 
Figure A2: Schematic drawing of an X-Ray Diffractometer [29].

Equipment 

The apparatus used in this study is a Siemens D5000 X-Ray Diffractometer with X-Ray 
diffraction by Cu Kα radiation, at Luleå University of Technology, the division of Chemi-
cal Technology. The analysis method has three main drawbacks: The lowest detectable 
phase concentration is approximately 3 %. All spinels have similar diffraction pattern, as a 
consequence detected spinels are very difficult to classify. Amorphous phases can not be 
analyzed. 

Sample preparation and method 

The prepared sample must fulfil the following criteria’s; suitable grain size, randomly ori-
ented crystals in the sample holder, appropriate sample area, proper sample thickness 
(around 10 μm) and homogenous. Approximately 10 g of each slag sample were grinded in 
a ring mill for 30 seconds at SSAB Tunnplåt laboratory in Luleå. The mill was cleaned with 
sand, acetone and compressed air to avoid sample contamination. A 2θ range of 10 to 90 
degrees was sufficient to cover the sample pattern during XRD analysis. The step length 
and scanning time were 0.02º were 4 s/step respectively. 

Scanning Electron Microscope (SEM) 

Principle 

The scanning electron microscope consists of an evacuated column and an evacuated speci-
men chamber, figure A3. Vacuum is needed to avoid electron deflection by gas molecules in 
the air. The electron gun is located in the top of the column. The filament within the elec-
tron gun produces a beam of electrons by thermionic emission. [30] “Thermionic emission 
is the flow of electrons from a metal or metal oxide surface, caused by thermal vibration en-
ergy overcoming the electrostatic forces holding electrons to the surface [31].” The fila-

 
 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Electrostatic


 
 

Appendix 1 – Equipments and analysis procedures 
 

ment, usually consisting of tungsten, is heated by passing a current through it. Both the cur-
rent and the voltage are changeable. The beam of electrons is focused onto the aperture by 
the magnetic condenser lenses. The aperture controls the spread of electrons in the column 
by de-selecting off-axis electrons. The scan coils deflect the beam in order to scan the elec-
tron spot in a pattern of parallel lines onto the sample. As the electron beam leaves the scan 
coils it is focused onto the sample by an objective magnetic lens. [30] When the electron 
beam hits the sample, the interaction of the beam electrons from the filament and the sam-
ple atoms generates a variety of signals. The variety of signals is depending on the sample, 
which can include secondary electrons (electrons from the sample itself), backscattered elec-
trons (beam electrons from the filament that bounce off nuclei of atoms in the sample), X-
ray, light, heat, and even transmitted electrons (beam electrons that pass through the sam-
ple). [32] The signals are registered by the detectors [30]. 

 
Figure A3: Schematic drawing of a scanning electron microscope with secondary electrons form-
ing the images on the TV-screen [33].

Backscattered or primary electrons can be used to yield images containing both topological 
and compositional information. The number of backscattered electrons produced increases 
with increasing atomic number of the specimen. Therefore a sample that is composed of 
two or more different elements which differ significantly in their atomic number will pro-
duce an image that shows differential contrast of the elements despite a uniform topology. 
Elements that are of a higher atomic number will produce more backscattered electrons and 
will therefore appear brighter than neighbouring elements Secondary electrons is the most 
useful signals for examining surface structure and gives the best resolution image of any of 
the scanning signals. The principle is simple; secondary electrons that are prevented from 
reaching the detector will not contribute to the final image and these areas will appear as 
shadows or darker in contrast than those regions that have a clear electron path to the de-
tector. Bombarding a specimen with electrons causes X-rays of characteristic wavelengths 
and energies to be emitted from the spot where the beam strikes the specimen. When an 
inner shell electron is ionized an outer electron fills the vacancy and X-ray emission occurs. 
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Computer analysis of the wavelength or energy spectra makes it possible to measure accu-
rately the nature and quantity of different elements in the material. These signals can pro-
vide information at a given point, as small as 1 μm2, or alternatively the abundance of a par-
ticular element as a function of the position, i.e. mapping. Element mapping is a very useful 
method; not only for obtaining the distribution of predetermined elements in the observed 
image area. Further more it is an excellent method for observing adjoining phases of differ-
ent composition. Linescan is a method where the sample is traversed along a line at steady 
rate. After every step, length and the number of steps along the line are controllable, quanti-
tative element analysis is performed [30].  

Equipment 

The SEM analysis was carried out at Luleå University of Technology, the division of 
Chemical Technology. The equipment used was a Phillips XL30, with an EDS Oxford 
GE-Xray detector. This special equipment employs a thermo-ionic gun with a tungsten 
filament and exchangeable anodes for high and low voltage operation. A similar apparatus 
was also used at LKAB Metlab in Luleå. 

Sample preparation 

The sample can be either powder or solidified material. During this degree study only so-
lidified material were analysed. The samples were blended with epoxy resin in a mould. 
The mixtures were first de-vacuumed before being cured at approximately 60 ºC for 24 
hours. The cured specimen was then cut to obtain a plane surface for imaging. Saw marks 
were removed by grinding and polishing. The final polished slag specimens were coated 
with gold to provide a conductive surface for viewing in SEM. However gold and phos-
phorus main peaks overlap. 
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APPENDIX 2, METAL MIXTURES INITIAL SMALL SCALE TESTS 
 
The alloy compositions, the amount of charged materials and the calculated analyses are 
shown in table A1. 

Table A1: Metal mixture calculations initial small scale tests. 

  V Mn P Si S C Fe 
  (%) (%) (%) (%) (%) (%) (%) 
FeV 81.5 0.0 0.020 0.47 0.028 0.25 17.7
FeMn(MC) 0.0 82.2 0.160 0.29 0.010 1.39 16.0
FeP 0.0 0.0 26.130 0.52 0.000 0.00 73.4
Fe 0.0 0.0 0.000 0.00 0.000 0.00 100.0
  T-1650-3 T-1650L-4 T-1650-6 T-1650-8    
  (g) (g) (g) (g)    
FeV 321.0 322.0 167.8 245.4    
FeMn(MC) 158.4 158.3 91.5 121.7    
FeP 98.6 98.6 56.1 75.6    
Fe 2026.4 2023.2 1185.0 1557.3    
Element (%) (%) (%) (%)    
V 10.0 10.1 9.1 10.0    
Mn 5.0 5.0 5.0 5.0    
P 1.0 1.0 1.0 1.0    
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APPENDIX 3, CHARGED MATERIALS INDUCTION FURNACE TESTS 
  

The amounts of charged alloys and iron are shown in table A2, the amount of charged slag 
formers in table A3. Initially 100 kg material was charged and melted in each charge. In the 
end of sequence 4 charge 454 more material was melted, in purpose to increase the bath 
depth and to decrease the V-content. Due to lining wear (increased furnace diameter) extra 
material was added before the first sequence in charge 455. 

Table A2: Amount of charged materials induction furnace tests. CO2 as oxidant in charge 454 
and O2 in charge 455.  

Charge Ex. ID FeV FeP LC-Fe HC-Fe Total 
no.   (kg) (kg) (kg) (kg) (kg) 

1 C454 12.3 3.8 73.9 10.0 100.0 
    0 1 30 10 41.0 

2 C455 12.3 3.8 73.9 10.0 100.0 
    1 0.3 10 2.5 13.8 
Total   24.6 8.6 177.8 30.0 241.0 

 
 
Table A3: The amount of charged slag formers, charge 454 (CO2) and 455 (O2). 

Charge Seq. Time Ox. Charge Slagg formers 
no- (no.) (min)     CaO Al2O3 MgO SiO2
        (kg) (g) (g) (g) (g) 

454 1 30 CO2 0.50 100 200 25 175 
 2 30 CO2 1.00 200 400 50 350 
 3 30 CO2 0.50 100 100 0 300 
 4 30 CO2 1.00 200 200 0 600 
 5 30 CO2 1.00 200 400 50 350 
 6 30 CO2 2.00 400 400 0 1200 
  7 30 CO2 2.00 400 800 100 700 

455 1 30 O2/N2 0.00 0 0 0 0 
 2 30 O2/N2 2.00 400 800 100 700 
  3 20 O2/N2 2.00 400 400 0 1200 
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APPENDIX 4, MATERIAL BALANCE AND TEMPERATURE PROFILE 
 
The material balance is shown in table A4 and the temperature profile in figure A4 induction 
furnace tests. 

Table A4: Material balance charge 454 and 455 induction furnace tests. 
In C454 C455 Out C454 C455 
  (kg) (kg)   (kg) (kg) 
M. charged 141.00 113.80 M. Tapped 110.00 95.40
Slag formers 8.00 4.00 Frozen slag 1.88 5.05
      Slag 21.59 9.92

149.00 117.80 133.47 110.37Total Total 
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Figure A4: Temperature profile charge 454 (CO ) and 455 (O ), induction furnace test.2 2
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APPENDIX 5, SEM ANALYSES INITIAL SMALL SCALE TESTS 
 

 
Figure A5: Mapping picture of the metal phase, test no. 3.

 
Figure A6: Line-scan spectra of the slag phase marked in figure 27, test no 4
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Figure A7: Magnification of the slag phase, test no. 4.

 
Figure A8: Mapping picture of the slag phase (figure 27), test no. 4.
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