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PLASMA SMELTING OF ILMENITE

TABLE 11

Analyses of slag from the first series of smelting trials
on a magnesia-free basis·

Test Slag analysis, MgO-free, 010 (by mass)

no. Ti02 FeO Si02 MnO AhO) CaO Cr2O) Total

TS-I 89,5 7,54 1,00 1,73 0,74 0,51 0,16 100,2
TS-2 88,9 7,61 1,51 1,82 0,81 0,53 0,21 101,4
TS-3 75,7 19,9 1,64 1,81 0,46 0,65 0,30 100,4
TS-4 82,0 14,8 1,39 1,89 0,82 0,33 0,20 101,4
TS-5 79,0 17,6 1,59 1,89 0,59 0,35 0,25 101,3
TS-6 73,4 22,4 1,44 1,63 0,31 0,39 0,30 99,8
TS-7 91,5 4,73 2,00 1,90 0,75 0,48 0,14 101,5
TS-8 95,0 2,20 1,91 1,78 0,98 0,45 0,03 102,4

• For a particular slag, the magnesia-free value for component y was
calculated as

MgO-free value for y

Actual total, %
= (Actual value for y) x (Actual total, % _ MgO, %)

This method of calculation gives the same values for the totals as those
listed in Table 6

TABLE 9

Recoveries, efficiencies of reducing agent, and electrode
consumptions for the first series of smelting trials

Recovery of Recovery of Efficiency of Electrode
Test Ti02 in slag Fe in metal reducing agent consumption
no. % % % g/(kg of feed)

TS-1 92 81 78 5,2
TS-2 93 83 79 5,4
TS-~ 94 61 63 5,7
TS-4 95 71 77 6,0
TS-5 92 62 '"70 5,8
TS-6 87 53 62 6,2
TS-7 90 82 79 7,8
TS-8 95 87 82 8,0

TABLE 10

Effect of carbon stoichiometry and
particle size of the reducing agent on
slag grade in the first series ofsmelting

trials

Ti02 content of
Size fraction Carbon, % of slag on an
of calcined stoichiometric MgO-free basis
anthracite amount % (by mass)

Coarse 110 89,5
Coarse 100 82,0
Medium 110 89,0
Medium 100 79,0
Fine 110 75,7
Fine 100 73,4
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Effect of particle size of the reducing agent and
carbon stoichiometry on the recovery of iron and
the efficiency of the reducing agent in the first series

of smelting trials

Carbon, % of Size fraction Recovery of Efficiency of
stoichiometric of calcined Fe in metal reducing agent

amount anthracite % %

100 Coarse 71 77
100 Medium 62 70
100 Fine 53 62
110 Coarse 83 79
110 Medium 83 79
110 Fine 61 63

bon stoichiometry on the recovery of iron is given in
Table 11. As would be expected, the recoveries of iron
obtained in the tests conducted with 10 per cent excess
carbon were significantly higher than those obtained when
the stoichiometric amount was used.

3.2.3. Influence of Particle Size of Reducing Agent

The influence of the particle size of the reducing agent
on the recovery of iron and the efficiency of the reduc­
ing agent is illustrated in Table 11. The coarse and
medium size fractions of reducing agent generally yield­
ed similar values for both the recovery of iron and the
efficiency of the reducing agent, whereas the fine frac­
tion consistently produced poorer results. The reducing­
agent efficiency obtained with the fine fraction of calcined
anthracite was over 15 per cent lower than that achieved
with the coarse fraction. This poorer efficiency is also
reflected in the grades of slag produced. On a magnesia­
free basis, the titanium dioxide content of the slags ob­
tained when the fine fraction of calcined anthracite was
used at 10 per cent in excess of the stoichiometric require­
ment of carbon was only around 75 per cent (by mass).
By comparison, the slags produced when both the coarse
and the medium fractions of calcined anthracite were used
at the same carbon stoichiometry contained around 89
per cent titanium dioxide on a magnesia-free basis (Table
10).

The poor results obtained with the fine fraction of
calcined anthracite can be attributed to excessive entrain­
ment of reducing agent in the furnace off-gas. The fine
anthracite (smaller than 10 mesh on the standard Tyler
series) is a light material and can therefore easily become
entrained in the furnace exhaust gases.

3.2.4. Effect of Reaction Time

Tests TS-7 and TS-8 were conducted over an extended
period of time (95 minutes compared with 65 minutes for
the other tests) so that the effect of reaction time on the
products could be determined. The slags obtained in these
two tests had higher contents of magnesium oxide than
the other slags produced, since the extended reaction time
allowed the increased dissolution of crucible material
(Table 6). The only significant improvement in slag grade
(on a magnesia-free basis) when the reaction time was in­
creased occurred in tests in which the coarse size frac­
tion of reducing agent was used. The slag grade of 95



PLASMA SMELTING OF lLMENITE

per cent titanium dioxide (on a magnesia-free basis) ob­
tained in test TS-8 is appreciably higher than the grade
of 89 per cent obtained in test TS-l. Test TS-l was car­
ried out over a period of 65 minutes, and test TS-9 over
95 minutes. The coarse fraction of calcined anthracite was
used in both tests (at 10 per cent in excess of the
stoichiometric requirement of carbon), and it is believed
that these large particles of reducing agent had not com­
pletely reacted in the 65 minutes allowed in test TS-I.

4. Smelting Trials with Graphite Crucibles

The aim of these tests was to show the grades of titania
slags obtainable when ilmenite was smelted in graphite
crucibles. Graphite was chosen as the material for the
crucibles because it would avoid the magnesia contamina­
tion that had been encountered in the first series of smelt­
ing tests. The effect of varying carbon stoichiometry on
the quality of the slags produced was assessed for all three
ilmenite concentrates studied. Since the effect of the par­
ticle size of the reducing agent had been investigated in
the first series of trials, this parameter was fixed for the
second series of tests. Only the carbon stoichiometry was
varied between individual tests conducted on a particular
concentrate. Crushed graphite (containing 97 per cent
fixed carbon) between 4 and 10 mesh in size (on the
standard Tyler series) was used as the reducing agent for
these tests.

4.1. Equipment and Procedure

The 40 kW water-cooled plasma furnace at the Mineral
Resources Research Center of the University of Min­
nesota was used for these tests (Figure 3). The base of
the graphite crucible provides an electrical path between
the melt and the positive side of the power supply. The
arc is struck from a graphite cathode that is threaded onto
a water-cooled cathode holder made of copper. The
water-cooled steel jacket protects the graphite crucibles
from reaction with the slag by ensuring the formation of
a protective freeze lining on the inner walls of the crucible.

The space between the graphite crucible and the water­
cooled jacket is filled with alumina powder, which pro­
vides thermal and electrical insulation. The power sup­
ply to this furnace is controlled on a constant-current
basis. Electrical parameters and thermocouple temper­
atures on the cooling circuits are continuously monitored
by means of a microcomputer. Accurate control of the
furnace thermal balance must be maintained to ensure
good reproducibility of results and to avoid reaction with
the graphite crucible. The charges and average arc power
for these tests are given in Table 12. All the tests were
conducted over a period of 60 minutes with an arc cur­
rent of 400A.

4.2. Results and Discussion

4.2.1. Effect of Carbon Stoichiometry

The analyses of the slags and metals obtained in these
tests are shown in Tables 13 and 14 respectively. The
titanium dioxide content of the slags, plotted as functions
of the amount of excess carbon, are shown in Figure 4.
It is evident from the magnesium oxide values shown in
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Table 13 that the use of a graphite crucible overcame the
problem of slag contamination that had been encountered
in the first series of smelting trials. No visible reaction
between the melt and the walls of the graphite crucible
was evident when the reaction products were separated
from the crucible. The high values of ferrous oxide re­
porting to the slag at lower carbon stoichiometry are an
indication of the effectiveness of the protective freeze
lining formed against the inner walls of the crucible. No
significant loss of crucible mass could be detected over
individual tests.

The minimum titanium dioxide grade of 80 per cent
required for chlorinator feedstock would be met if the
ilmenite concentrate from South Africa were smelted with
approximately 110 to 115 per cent of the stoichiometric
requirement of carbon.

The concentrate from Finland required approximate­
ly 120 to 125 per cent of the stoichiometric requirement
of carbon to yield a slag of 80 per cent titanium dioxide.
However, the slags obtained from this concentrate are
unsuitable for fluidized-bed chlorination owing to their
high magnesia contents (Table 13). The magnesium oxide
present in the Finnish ilmenite (2,16 per cent by mass,
Table 1) is concentrated further in the smelting opera­
tion, resulting in a slag product containing between 3 and
4 per cent magnesium oxide.

The highly weathered ilmenite from Florida yielded a
slag that met the 80 per cent titanium dioxide specifica­
tion when smelted with between 110 and 120 per cent of
the stoichiometric requirement of carbon. The low levels
of magnesium oxide and calcium oxide in the Florida con­
centrate ensure that a slag obtained from this material
meets all the specifications imposed on chlorinator feed­
stock.

The electrode consumption was found to decrease with
increasing carbon stoichiometry (Table 15) owing to the
more powerful reducing conditions in the presence of
excess carbon.

4.2.2. Recoveries and Efficiencies of the Reducing
Agent

The recoveries and efficiencies of the reducing agent
obtained in these tests are shown in Table 15. Titanium
recoveries of approximately 90 per cent were obtained in
all the tests. The recovery of iron improved with the use
of excess carbon, the highest values being obtained for
the runs conducted at 30 per cent excess carbon. The im­
proved reduction of iron obtained at higher levels of car­
bon is evident when the ferrous oxide contents of the slags
obtained at 30 per cent excess carbon are compared with
the values obtained with the stoichiometric carbon re­
quirement (Table 13).

A comparison of the efficiencies of the reducing agent
for the South African ilmenite (Table 15) with those for
the coarse and medium fractions of anthracite used in
the first series of smelting trials (Table 11) shows that
somewhat lower efficiencies were obtained in the second
series of tests. This is partly attributed to the lower reac­
tivity of the crushed-graphite reducing agent used in the
second series of tests.
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I Vibratory feeder
2 Steel funnel
3 Cooling water
4 Water-cooled copper cathode

holder
5 Exhaust port
6 Magnesia-lined roof

7 Alumina-fibre blanket
8 Water-cooled steel jacket
9 Alumina sleeve

IQ Graphite cathode
II Graphite crucible
12 Alumina powder
13 Graphite base

FIGURE 3. The 40 kW plasma furnace used at the Mineral Resources Research Center

TABLE 12

Charges and operational conditions in the second series of smelting trials

Composition of charge

Origin of Carbon·, Itlo of Itlo (by mass) Total mass Average
Test ilmenite stoichiometric Ilmenite Crushed of charge arc power
no. concentrate amount concentrate graphite kg kW

SA-I South Africa 100 91,2 8,8 4,00 23,1
SA-2 South Africa lID 90,1 9,9 4,00 24,1
SA-3 South Africa 130 89,0 11,0 4,00 24,0
FND-I Finland 100 92,0 8,0 4,00 23,7
FND-2 Finland 110 91,3 8,7 4,00 23,5
FND-3 Finland 130 89,9 ID,I 4,00 23,8
FLA-I Florida lID 92,8 7,2 4,00 22,7
FLA-2 Florida 130 91,7 8,4 4,00 23,2

• Crushed graphite (containing 97 per cent fIXed carbon) was used as the reducing agent in these tests
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TABLE 13

Analyses ofslag from the second series ofsmelting trials

Test Slag analysis, 'Vo (by mass)

no. Ti02* FeO MgO MnO Ab03 CaO Total

SA-I 69,3 25,30 0,79 1,49 1,25 0,25 98,38
SA-2 77,4 14,40 0,72 1,62 0,73 0,31 95,18
SA-3 96,5 3,42 0,71 0,96 1,56 0,34 103,5
FND-I 66,8 20,99 3,43 0,93 3,24 0,98 96,37
FND-2 73,5 12,68 4,01 I,ll 3,59 1,19 96,08
FND-3 84,3 5,86 3,97 0,91 4,09 1,29 100,4
FLA-I 79,0 18,79 0,31 1,54 1,58 0,37 101,6
FLA-2 83,0 15,09 0,32 1,44 1,40 0,28 101,5

* The total titanium content of the slag is reported as Ti02. Owing to
the presence of suboxides (Tiz03, Ti 30 s, and TiO), the totals are
generally just over 100 per cent for slags with low contents of FeO

TABLE 14

Analyses of metal from the second series of smelting trials

Test Metal analysis, % (by mass)

no. Fe C Mn Si Cr Ti S P Total

SA-I 94,79 4,90 0,01 <0,01 0,02 0,34 <0,02 0,04 100,1
SA-2 95,28 4,41 0,01 <0,01 0,03 0,Q2 0,03 0,02 99,80
SA-3 95,72 2,93 0,03 0,15 0,14 0,50 0,Q2 0,01 99,50
FND-I 97,34 1,47 <0,01 <0,01 <0,01 0,02 0,28 0,03 99,14
FND-2 96,80 1,77 0,02 <0,01 <0,01 0,09 0,21 0,04 98,93
FND-3 96,91 2,70 0,04 0,03 <0,01 0,03 0,37 0,03 100,1
FLA-I 94,63 4,98 0,01 <0,01 0,02 0,03 <0,02 0,27 99,94
FLA-2 93,76 4,92 0,Q2 <0,01 0,03 0,03 0,03 0,30 99,09

lOO

TABLE 15

Recoveries, efficiencies ofreducing agent, and electrode
consumptions for the second series of smelting trials

Recovery of Recovery of Efficiency of Electrode
Test Ti02 in slag Fe in metal reducing agent consumption
no. % % % g/(kg of feed)

SA-I 87,4 54,4 62 8,0
SA-2 91,8 63,1 60 6,5
SA-3 93,6 84,0 66 5,3
FND-I 89,2 47,1 50 9,0
FND-2 85,9 73,0 66 7,5
FND-3 91,6 82,1 62 7,0
FLA-I 89,9 49,1 56 8,0
FLA-2 92,8 52,3 49 7,0

130120

• South African ilmenite
• Finnish ilmenite
• Florida ilmenite
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FIGURE 4. Influence of carbon stoichiometry on the
grade of the slag in the second series of smelting trials
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5. Conclusions

The major conclusions that can be drawn from this in­
vestigation are summarized below.

a. A d.c. transferred-arc plasma furnace with a molten­
anode configuration is well suited to the smelting of
fine ilmenite concentrates for the production of high­
titania slag and byproduct pig iron. The electrical and
physical characteristics of this reactor configuration
are compatible with both the process chemistry and
the physical properties of high-titania slags.

b. To meet the stringent chemical specifications imposed
on titania slags that are intended for use as chlorinator
feedstock, graphite had to be used as the refractory
material containing the melt. Significant contamina­
tion by magnesium oxide was encountered when mag­
nesia crucibles were used for smelting. This finding
is in agreement with previous work carried out by
other investigators in this field.

c. The use of an excessively fine carbonaceous reducing
agent produced poor results in terms of both the grade
of the slag and the efficiency of the reducing agent.
High losses of fine reducing agent by entrainment in
the furnace off-gas are believed to be the major cause
of these results. The optimum size range of reducing
agent was found to be between 4 arid 10 mesh (stan­
dard Tyler series).

d. Three different ilmenite concentrates of widely differ­
ing compositions and geological histories were smelt­
ed. Concentrates obtained from both placer and pri­
mary deposits were used. The production of slags
meeting the minimum titanium dioxide grade of 80
per cent imposed on chlorinator feedstock was pos­
sible from all three concentrates. Approximately 120
per cent (on average) of the stoichiometric carbon was
required for this grade of slag to be obtained from
the three concentrates studied. This value is based on
the theoretical amount of carbon required to reduce
only the iron oxides contained in the concentrates.
Although the titanium dioxide grade required of
chlorinator feedstock could easily be achieved from
all three concentrates used in these tests, the slag pro­
duced from the concentrate from Finland did not
satisfy the magnesium oxide specification. This was
due to the high content of magnesium oxide in the
concentrate itself.

6. Proposals for Future Work

So that representative values can be obtained for the
electrode consumption and specific energy requirements,
it is recommended that further work should be conducted
on a larger scale and on a continuous basis. The batch
mode of operation employed in this investigation,
although ideally suited to an examination of the process
chemistry, is unable to provide realistic values for the
specific energy requirements. Also, the high ratio of sur­
face area to volume of the small electrodes that were used
tends to give exaggerated values for the electrode con­
sumption. Also, small differences in the electrode con­
sumption resulting from changing operational parameters
tend to be masked by the small losses of mass occurring
in an individual test. Continuous operation at the scale
of 100 to 200 kW would provide more realistic values for
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both the electrode consumption and the specific energy
requirements.

An investigation into the plasma processing of pre­
reduced ilmenite is also strongly recommended since this
approach may lead to substantial savings in the costs of
the electrical energy used. The inherent operational stabil­
ity of a d.c. transferred-arc plasma furnace should allow
the problems encountered in the processing of pre­
reduced material to be overcome.
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