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1. History [1]

In 1801, MANUEL DEL Rio discovered vanadi-
um in Mexican lead vanadate ore. In 1831, SEFT-
STROM detected the element in converter slags
from certain iron ores, and named it after the
Norse goddess of beauty, Vanadis.

Vanadium metal was first produced in pow-
der form by RoscoE in 18671869 by reduction
of vanadium dichloride with hydrogen. MARDEN
and RicH obtained ductile vanadium by reduc-
ing vanadium pentoxide, V,0,, with calcium
metal.

The first major application of vanadium was
in 1903 in England, where a vanadium-alloyed
steel was produced on an 18 t scale {2]. In 1905
HEeNRY FORD recognized the advantages of vana-
dium Steel and promoted its usé in automobile
construction. Today vanadium is of major im-
portance as an alloying component in steel and
titanum alloys and as a catalyst for chemical re-
actions.
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5.3. Ferrovanadium ..................... 377
5.3.1. Production from Vanadium

OxideS ..ooviiiiiiii i 3717
5.3.2. Direct Production from Slags and

Residues ........cooeeeeieenaan... 378
5.4. Production of Other Vanadium Master

AOYS . ..o 378
6 USES o ovvveeieiiiieaaeneaennnnnnn 379
7 Vanadium Compounds .............. 380
8. Analysis ......... ... ... il 382
9 Economic Aspects .................. 382
10. Environmental Protection and

Toxicology ......... e 384

11.  References ........... S, 385

2. Properties

Vanadium [7440-62-2], V, atomic number 23,
has two stable isotopes: 'V (99.75%) and °V
(0.25%). Unstable isotopes of relative atomic
mass 48, 49, and 52 have half-lives ranging from
4 min to 600 d. The electronic configuration is
152 25?p® 35 p°dP 4s?. Vanadium is steel gray with
a bluish tinge. It is ductile, and can be forged and
rolled at ambient temperature.

Vanadium, together with niobium and tanta-
lum, belongs to group 5 of the periodic table. It
has a high melting point and good corrosion re-
sistance at low temperature.

Physical Properties. The most important
physical properties of vanadium are listed in the
following [1], [3]-[6]:

Relative atomic mass 50.9415

Crystal structure body-centered cubic
Lattice constant a 0.30238 nm

Density 6.11 g/m®

mp 1929°C+6

Heat of fusion 21 500 Jmol ™1 43000

Specific heat, Jmol "1 K ™1

at 298 K 24.354+0.10 Jmol 'K ™!
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for 298-900 K C,=24.134 + 6196 x1073T
~7305x1077 T?
—1.3892x10° T2

C,=259—125x1074T
+408x1076 T2

4743 Ymol'K™!

for 900-2200 K

for liquid V
Vapor pressure

at 2190 K 3.73Pa

at 2200 K 431 Pa

at 2300 K 12.53 Pa

at 2400 K 30.13 Pa

at 2500 K 87.86 Pa

at 2600 K 207.6 Pa

for liquid V, mbar logp = —24.265x10°T ~*

+9.65

Heat of vaporization 465.9 kJmol ™!

Linear coefficient of
expansion

at 20-200°C 7.88x10°¢
at 20-500°C 9.6x10°¢
at 20-900°C 10.4x 1076
at 20-1100°C 10.9x 1076
Specific electrical resi$-  24.8x107% Qcm
tivity at 20°C
Temperature coefficient  0.0034 pQcmK ™!
for 0-100°C
Thermal conductivity
at 100°C 031 Jem™ 'K 157!
at 500°C 0.37Jem 'K 157!

Superconductivity, transi- 5.13 K
tion temperature

Capture cross section for 4.8 barn
thermal neutrons

Mechanical Properties. The mechanical
properties of vanadium are strongly dependent
on purity and hence on the production method
used. In particular, the elements O, H, N, and C
increase the hardness and tensile strength and
decrease the ductility (elongation) {7]. The most
important mechanical properties are listed in
Table 1 [3], {41, [7].

Chemical Properties. Vanadium is stable in
air below 250°C. On prolonged storage the sur-
face becomes bluish-gray to brownish-black, and
significant oxidation takes place in air above
300°C. Vanadium absorbs hydrogen in intersti-
tial lattice sites at elevated temperatures (up to

Table 1. Mechanical properties of vanadium metal

Commercial High
purity purity
Tensile strength 65, N/mm 245--450 180
Extension, % ) 10-15 40
Vickers hardness HV 10, 80-150 60-70
N/mm
Modulus of elasticity, N/mm  137000-147000
Poisson’s ratio 0.35
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500 °C). The metal becomes brittle and can easily
be powdered. This hydrogen is liberated on heat-
ing to 600—700°C in vacuum. At low tempera-
ture, a hydride phase exists in the V—H system
[7). Vanadium reacts with nitrogen at > 800°C
to form vanadium nitrides. It has a high affinity
for carbon, forming carbides at 800-1000°C.
Data on the solubility of O, N, H, and C in
vanadium and the reactions that occur with these
elements can be found in [7], [8].

In its compounds, vanadium exhibits the oxi-
dation state IL, TIL, IV, or V. It is relatively stable
towards dilute sulfuric, hydrochloric, and phos-
phoric acids, but is dissolved by nitric and hy-
drofluoric acids. Its corrosion resistance towards
tap water is good, and towards seawater moder-
ate to good, but pitting does not occur. Vanadi-
um is resistant to 10% sodium hydroxide solu-
tion, but is attacked by a hot solution of
potassium hydroxide [1], [3], [4], [9], [10]. Vana-
dium and some vanadium alloys have good cor-
rosion resistance towards molten low-melting
metals and alloys, especially alkali metals, which
are used in nuclear reactors as coolants and heat-
exchange media [11].

3. Occurrence

Vanadium is present in the earth’s crust at a
mean concentration of 150 g/t, and is therefore
one of the more common metals. It is more abun-
dant than copper and nickel, and of similar
abundance to zinc. Vanadium forms several
minerals, of which the most important are listed
in Table 2 [12], [13].

In the early 1900s, vanadium was obtained
almost exclusively from Peruvian patronite. As
these deposits became exhausted, descloizite ores
were mined in southern Africa, Namibia, and
Zambia.

After World War 11, the continental sedimen-
tary uranium- and vanadium-containing carnotite
deposits of the Colorado Plateau and the marine
sedimentary vanadium-bearing phosphate de-
posits of Idaho became important. There are al-
so uranium-vanadium reserves in Yeellirie,
Western Australia, and in the Ferghana Basin
the Kirghiz, Tadzik, and Uzbek Republics [13].

Vanadium production greatly increased from
the mid-1950s with the mining and processing of
titanomagnetites. This type of raw material can
be used directly for vanadium extraction, or it
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Table 2. Principal vanadium minerals [12], [13]
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Mineral and chemical formula

Vanadium V,0,
content, %

Occurrence
content, %

I3

Roscoelite [KV,(OH),/AlSi;0,,] 11.2-14.0 20--25 in uranium-vanadium ores; e.g.,
Colorado Plateau,
United States

Montroseite (V,Fe)OOH 454 81.0

Carnotite K,{(UO,),/V,04] - 3H,0 10.3 18.3

Tyuyamunite  Ca[(U0O,),/V,04] - 5-8 H,0 11.1 19.8

Francevillite  (Ba,Pb)[(UO,),/V,04] - SH,0 9.9 17.7

Corvusite Vit .V3,0,,-nH,0 40.8 72.8

Vanadinite Pb,[Cl/VO,),] 10.2 18.2 in Pb, Zn, Cu vanadate ores; e.g.,
Otavi Mountains, Namibia

Descloizite Pb(Zn, Cu)[OH/VO,] 12.7 22.7

Mottramite Pb(Cu, Zn){OH/VO,] 10.5 18.8

Patronite VS, or V,0, 16.8 ca. 30 in asphaltites; e.g., Mina Ragra,
Peru

Magnetite* Fe2* -Fe’*0* <05-15 <12-27 in titanomagnetite ores; e.g.,
Bushveld, Republic of
South Affrica

max. 2.8 max. 5.0

* Several varieties exist in which there is partial replacement of Fe** by V, Ti, Al, and Cr, and of Fe?* by Ti, Mg, Mn, and
other elements. The vanadium- and titanium-containing magnetites are generally referred to as titanomagnetites.

can be employed to obtain vanadium-containing
pig iron from which an oxidation slag highly en-
riched in vanadium is produced. This develop-
ment began in Finland, followed by South Africa
and smaller producers in Norway and Chile. Ti-
tanomagnetites have also been mined in the for-
mer Soviet Union and China in large quantities
since the early 1960s and 1970s, respectively. The
vanadium-bearing titanomagnetite deposits are
of magmatogenic origin, and occur in many
parts of the world. The most important reserves
mined today include the Bushveld deposit in
South Africa, Katschkanor in the Urals of Russia,
Lanshan and Chienshan in the Sichwan province
of China, and a deposit in New Zealand. The
titanomagnetites of the Urals and in the Sichwan
province are palacozoic complexes.

The mines at Otanméki and Mustavaara in
Finland and Redsand in Norway were shut
down during the 1980s.

Production of lead—zinc vanadates in
- Namibia had been discontinued by the end of the
1970s.

Since the 1980s, a new type of secondary raw
materials has gained importancé, i.e., residues of
mineral oil processing. Most crude oils contain
vanadium in amounts ranging from ca. 10 ppm
(Middle East) to 1400 ppm (Central America).
In petrochemical refining, vanadium is retained
in boiler residues and fly ashes from incineration,
with vanadium contents between a few percent

and 40 %. The total amounts greatly exceed cur-
rent world consumption.

Noteworthy is an aqueous emulsion of a
highly viscous crude from the Orinoco basin in
Venezuela (Orimulsion) whose combustion
yields fly ashes containing 10 % vanadium.

With environmental legislation becoming
stricter, emission and deposition of these
residues will be drastically reduced so that they
will have increasingly to be processed.

Other, less important vanadium sources are:
vanadium-containing waste salts from bauxite
production, and spent catalysts from the chemi-
cal and petrochemical industries. The extraction
of vanadium from currently available raw mate-
rial sources (except direct processing of titano-
magnetite) is always coupled with the production
of other metals or energy. The most important
sources are shown in Table 3.

Resources and Production. Known and esti-
mated mineral reserves are listed in Table 4.

In this table the vanadium containing car-
bonitic shells (very low concentration) and the
petroleum ashes/residues are not included, al-
though these oils contain tremendous amounts
of vanadium.

Assessment of world reserves by studying the
geology of deposits suggests that it will be possi-
ble to discover further workable deposits in the
region of the widely distributed titanomagnetites
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Table 3. Vanadium production as a byproduct
Raw material Coupled product  Vanadium
byproduct
Titanomagnetites  iron/steel vanadium slag
Mineral oils energy/ fly ashes
petrochemicals boiler residues
Uranium- uranium petrochemical
vanadium ores residue
Bauxite alumina vanadium salt
Phosphates phosphorus vanadium-con-
taining Fe-P
salamander
Lead vanadates lead, zinc vanadium slag

Table 4. Estimate of the world reserves and reserve base of
vanadium in thousand tonnes of vanadium content (per-
centage given in parentheses)

Geografic area Reserves Estimated
reserves
1985 1990 1985

North America 185 (4.0) 135(3.2) 2500 (13.7)

- South America 25 (0.5) ’ 130 (0.7)
Former Soviet 2900 (60.4) 2631 (61.7) 4500 (24.6)

Union

‘South Africa 950 (19.7) 862 (20.2) 8600 (47.0)
China 670 (14.0) 500 (14.2) 1800 (9.8)
Pacific 35(3.1) 30 (0.7) 570 3.1)
Total 4800 (100) 4267 (100) 18300 (100)

in the old shields. The Indian shield in the Singh-
bum (Bihar) and Magurbhanj (Orissa) regions,
the Australian shield in Western Australia, the
Canadian shield in Quebec and Ontario, and the
Finno-Scandinavian shield all show great
promise. However, little is so far known about
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the Brazilian shield. The enormous vanadium re-
serves in the titanomagnetites cannot yet be even
approximately quantified.

The world production of vanadium by coun-
try is listed in Table 5 [14].

Comparison of Tables 4 and 5 shows that the
largest producers, the Republic of South Africa
and Russia, have also the largest mineral re-
serves. The next two producing countries China
and the United States have comperatively small
reserves of such origin.

Details of the Most Important Deposits. The
Bushveld deposit in South Africa is an oval,
bowl-shaped complex in a magmatic layer ex-
tending over an area of 65000 km?. The ores
were deposited in the following order: chromite,
platinum ores, vanadium-containing titanomag-
netites, and tin ores. In all, 21 magnetite layers
have been found in the main and upper zones of
this deposit. The titanomagnetites have the fol-
lowing chemical composition (%):

Fe  558-57.5 Cr,0, 0.13-045
V,0, 14-=16 ALO, 25-35
TiO, 122-139 S0, 09-15

The V,0, content can be as high as 2.4% in
exceptional cases.

Production by Highveld Steel & Vanadium is
based on ore containing 1.6% V,0; from the
Mapochs mine, situated 90 km NNE of Middle-
burg. The reserves contain 200 x 10 t ore. Min-
ing is by the open pit method, and the maximum
ore production capacity is 8000 t/d [13].

Other South African titanomagnetite de-
posits include the Kennedy’s Vale mine, with a
production capacity of 6000 t/d (though not cur-
rently producing) and two mines near Brits, each
with a production capacity of 5000—6000 t/d.

Table 5. World production of vanadium-containing commodities by country, given in tonnes of vanadium content [14]

Countries 1985 1986 1987 1988 1989 1990 1991 1992 1993

China“® 5500 5500 5500 5500 4500 4500 4500 4500 5000

Finland 2590

South Africa® 17000 18600 17300 19900 16 500 17000 15500 14300 16000

Former Soviet Union 11500 11500 11600 11600 9600 9600 8000 6000 7900

United States (total) 4000 3600 3800 3500 5600 5300 5500
from catalysts and ashes 2970 2560 2760 2480

Japan°® 925 1020 1020 1020 600 800

New Zealand 2200 1700

Total 45700 44000 42100 45300 31600 31600 35800 33200 34500

“ Estimated. ® South Africa; roughly 40% is pentoxide and vanadate products and 60% is vanadiferrous slag products.

¢ Spent catalyst and petroleum ashes.
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There are a number of lead vanadate deposits
in the Otavi Mountains in Namibia. Mount
Aukas, near Grootfontein, has deposits of
2% 10° t ore containing 15% Zn, 4% Pb, and
0.5% V,05. Deep mining has been discontinued
since 1978. The mined ore, which was processed
by flotation, yielded the following products: lead
sulfide concentrate, zinc sulfide concentrate,
willemite concentrate, cerussite concentrate, and
a vanadium concentrate containing 17 % V,0Os,
43% Pb, and 17% Zn.

The titanomagnetite deposits at Otanmaki
and Mustavaara in Finland had reserves of
15x 105t ore containing 35-40% Fe, 13%
TiO,, and 0.45 V,05, and 40 X 10° t ore contain-
ing 17% Fe, 3.1% TiO,, and 0.36 V,0;[14]. The
production capacity of the Otanmaki deep mine
was ca. 1x10°t/a ore. Magnetite containing
69% Fe, 2.5% TiO,, and 1.07% V,0; together
with ilmenite and pyrite were obtained by mag-
netic separation and flotation. Both mines were
closed in the 1980s.

The Colorado Plateau in the United States
contains the main mining area of the Uravan
mineral belt, > 1100 km long, in SW Colorado
and SE Utah. This belt contains irregular lentic-
ular ore bodies, normally < 3000t, with 0.2
0.3% U,0, and 0.85-1.4% V,0;. The oxida-
tion region contains the minerals carnotite,
tyuyamunite, montroseite, and pascoite, and
the unoxidized region contains the minerals
coffinite, pitchblende, and corvusite. These ores
are extracted in small deep mine workings which
produce ca. 0.4 x 10° t/a ore.

4. Processing of the Raw Materials
to Vanadium Compounds

The raw materials used today include the ti-
tanomagnetite ores and their concentrates,
which are sometimes processed directly, vanadi-
um slags derived from the ores, oil combustion
residues, residues from the hydrodemetallization
(HDM) process, and spent catalysts (secondary
raw materials). A summary of the processing
routes is given in Figure 1.

4.1. Iron Ores and Titanomagnetites
as Raw Materials

Production of Vanadium Slags. The titano-
magnetite ore in lump form, containing ca. 1.51—
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1.7% V,05 (Mapoch mine in South Africa), is
first prereduced by coal at ca. 1000 °C in directly
heated rotary kilns. A further reduction is then
performed in an electric arc furnace to obtain a
pig iron which contains ca. 1.4% V,0,. The slag
that is also formed contains ca. 30 % TiO,, and
this is deposited on slag heaps. In a heat resistant
shaking ladle the molten pig iron is oxidized with
oxygen lances, causing the vanadium to be trans-
ferred to the slag. The vanadium slag contains
vanadium in the form of a water-insoluble triva-
lent iron spinel, FeO - V,0;, ata concentration
corresponding to ca. 25% V,0;. This slag is the
world’s principal raw material for vanadium
production [16].

The largest slag and vanadium producer in
the western world is South Africa (see Table 5),
most of whose production is by the Highveld
Steel and Vanadium Corp. [13]. Second largest
producer is the Nizhny Tagil metallurgical plant

~ in Russia; the slag contains ca. 12-18% V,0s.

Another producer of vanadium slag is the Pan-
nang steelworks in Panzihua, China.

Vanadium slags were produced experimen-
tally by W.L.GoopwiN and W.P. FIrRTH in
1919, but the basic industrial process was devel-
oped by R. VON SETZ, and was first used by the
Spigerverk plant in Oslo in the early 1930s. The
process was then mainly used in conjunction
with the Thomas process. The pig iron from the
blast furnace was not directly converted to
Thomas steel with addition of lime in the usual
way. Instead, the vanadium was oxidized com-
pletely or partially before lime addition. As
vanadium has a high affinity for oxygen, it was
oxidized before the phosphorus and transferred
to the slag. Slags containing several percent of
vanadium were obtained, depending on the vana-
dium content of the pig iron, whereas normal
Thomas slags contain an average of only 0.5% V.

Oxidation of vanadium-containing pig iron
to give vanadium-containing slag was carried
out by the Rochling Iron and Steel Works in
Volklingen from 1937 using a converter with a
very acid lining or a continuously operating oXi-
dizing drum. For details of these abandoned pro-
cesses see [17].

Processing of Vanadium Slags. The main pro-
cess used today to produce vanadium oxide from
vanadium slags is alkaline roasting. The same
process, with minor differences, is also used for
processing titanomagnetite ores and vanadium-
containing residues.
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Figure 1. Treatment of vanadium raw materials [15]

A vanadium slag has the following approxi-
mate composition: 14% V (=25% V,0,),1.5%
Ca, 2.5% Mg, 2.0% Al, 0.01% P, 9% metallic
Fe, 32% total Fe, 7% Si, 3.5% Mn, and 3.5%
Ti. The presence of the elements Ca, Mg, and Al,
which form water-insoluble vanadates during
alkaline roasting, leads to a reduction in yield.
Silicon can cause filtration difficulties during
leaching of the calcine. Phosphorus, unless re-
moved in a separate treatment, reports practical-
ly quantitatively to the vanadium oxide, and
lowers the vanadium yield in the precipitation
process.

The process is shown schematically in
Figure 2. The vanadium slag is first ground to
< 100 pm (1-11 in Fig. 2), and the iron granules
contained therein are removed. Alkali metal

salts are then added, and the material is roasted
with oxidation at 700—850°C in multiple-hearth
furnaces or rotary kilns (12-20) to form water-
soluble sodium vanadate. During roasting, care
must be taken to prevent agglomeration of the
material by sintering and to ensure rapid cooling
after the material leaves the furnace. The roasted
product is leached with water (21 in Fig. 2), and
ammonium polyvanadate or sparingly soluble
ammonium metavanadate is precipitated in crys-
talline form from the alkaline sodium vanadate
solution by adding sulfuric or hydrochloric acid
and ammonium salts at elevated temperature
(22-28). These compounds are converfed to
high-purity, alkali-free vanadium pentoxide by
roasting. The usual commercial “flake” form of
vanadium pentoxide is obtained by solidifying













































