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Abstract: Red mud, an insoluble residue produced during alkali leaching of bauxite, is considered as a low-grade iron ore containing 30% to
50% iron. The present paper deals with the use of thermal plasma technology for producing pig iron from red mud waste fines. The smelting
reduction of red mud was carried out in a 35 kW DC extended arc thermal plasma reactor. Red mud was properly mixed with fluxes and
graphite (fixed carbon, 99%) as a reductant as per stoichiometric requirement. The effect of various process parameters like a reductant,
fluxes and smelting time on iron recovery was studied and optimized. An optimum condition for the maximum recovery of iron was obtained.
A new thermal plasma process applicable to direct iron making from red mud waste fines that would achieve significant utilization of red

mud was proposed.
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1. Introduction

Bauxite is an ore with a high concentration of aluminium
compounds which makes it a useful raw material for the ex-
traction of aluminium. Bayer’s process is the only process
adopted worldwide for the production of aluminum. In this
process, aluminium compounds in bauxite are first dissolved
chemically, using caustic soda, in an alumina refinery. Red
mud is an insoluble residue produced during alkali leaching
of bauxite by Bayer’s process. It is slurry containing natural
substances originally present in bauxite, i.e., the ore residues
with a residual amount of alkali are left over from this proc-
ess. Production of 1 t of alumina is accompanied by genera-
tion of about 1.0-1.5 t of red mud. No alternate economic
method has yet come to treat bauxite for the production of
aluminum, which does not generate red mud. Indian alu-
mina plants have 1.692 million tons of annual capacity [1-2]
with metal production of 6x10° t per year and generate
about 2x10° t of red mud every year. It is estimated that
nearly 9x10” t of red mud is produced annually worldwide,
and presently in India, nearly 3x10° t of red mud is gener-
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ated [3]. Alumina producers are facing a serious problem in
the disposal of red mud because of the expenses involved in
the transportation and pollution abatement. A typical com-
position of red mud is 30%-50% Fe,O; and remaining Al,0O4
and Si0,. It also contains trace amounts of metallic elements
such as vanadium, galena, chromium, magnesium and zir-
conium. Its major mineral constituents include haematite,
goethite, anatase, rutile, quartz and sodalite. Clearly, red
mud is a potential source of many valuable metals.

In the past, efforts to use red mud in the cement industry
for the manufacture of tiles have been successful, but such
applications can utilize only a small amount of red mud
produced. Over the years, efforts have been made to develop
processes for metallurgical as well as non-metallurgical ap-
plications of red mud [3-4]. Till date, red mud has found
limited commercial utilization in road making, land recla-
mation and also used as a constituent in making Portland
cement. Development of suitable metallurgical processes for
metal recovery from red mud is important for bulk utiliza-
tion, value addition and moving towards zero waste. Two
main approaches which have been generally investigated to
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recover iron values from red mud are based on: (a) solid-
state reduction of red mud followed by magnetic separation
to recover iron, and (b) smelting in a blast/electric/low shaft
furnace to produce pig iron. Several processes exist to re-
cover metals from red mud, but it is believed that none of
these are in commercial operation [5-6]. A new construction
material from red mud has been developed by using hard-
ening process [7]. Thermal plasma technology is now an es-
tablished alternative to be considered for improving the ex-
isting metallurgical processes. In the thermal plasma process,
high density of ionic charges makes uniform heat transfer to
the charge material. The availability of very high tempera-
ture, high energy fluxes, and plasma state conditions in the
plasma arc allows the reactions to be completed in short du-
ration. They have the advantage of allowing the direct use of
fine feed materials [8].

This research article is aimed at utilization of red mud
waste fines to recover iron values by using thermal plasma
technology. In this paper, we report the use of a 35 kW DC
transferred arc thermal plasma reactor, designed and devel-
oped at the author’s institute, IMMT, Bhubaneswar, India,
for making pig iron from red mud. The paper describes in
detail the optimization of various process parameters and
charge material parameters for pig iron production from red
mud waste fines.

2. Materials and methods

Red mud was supplied by NALCO India Ltd. The
chemical analysis and size-sieve analysis of red mud are
given in Table 1 and Table 2.

Table 1. Chemical analysis results of red mud wt%
Fe,0O; ALO; SiO, Na,0O CaO TiO, Loss ofignition
4749 2107 572 378 136 4.86 13.49

Table 2. Size-sieve analysis results of red mud

Size fraction/ pm Percentage / %
—100 +45 25.4
—45+38 4.1
-38+20 10.8
-20+10 17.9

-10 41.8
Total 100.00

Red mud fines were smelted in an extended transferred arc
plasma reactor. A brief description of the reactor is as follows.

2.1. Extended transferred arc plasma reactor

Smelting studies were carried out in a 35 kW DC ex-
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tended transferred arc plasma reactor as shown in Fig. 1. It
is a pot type reactor with a zircon coated graphite crucible as
the furnace hearth which is thermally insulated by bubble
alumina. Graphite electrodes are arranged in a vertical con-
figuration. The bottom electrode (anode) is kept stationary,
and the top one (cathode) with an axial hole for passing
plasma forming gas is actuated by a rack and pinion mecha-
nism for arc stabilisation. The hearth is provided with a
graphite spout to tap both metal and slag. The detailed de-
sign specifications of the reactor are available elsewhere [9].

1-Alumina block
2-Water cooled MS casing
3—Bubble alumina
4-Graphite crucible

cum electrode
S5—Inflight particles
6-Melted charge
7-Thermal plasma arc
8—Viewing port
9—Exhaust outlet
10-Top graphite electrode
11-Water inlet
12-Electrode with gas flow

and water cooling facilities

13-Gas inlet
14-Screw feeder
 15-Water outlet
16-Insulated strip
17-Rack and pinion system
18—Supporting structure.

Fig. 1.
plasma reactor.

Schematic diagram of an in-flight DC extended arc

2.2. Plasma smelting of red mud

Plasma smelting of red mud was carried out in an ex-
tended arc plasma reactor. The process of smelting was done
by a DC extended arc plasma furnace using graphite pow-
ders as a reductant at a constant power of 12.5 kW (current
supplied: 250 A; and voltage maintained: 50-60 V). The ef-
fect of different parameters, namely, types of fluxes to
maintain basicity, reductant (graphite) variation and time,
was studied so as to have an optimized set of parameters for
production at the cheapest cost. Fluxes like limestone,
dolomite, quartz, magnesia, fluorspar, and calcium carbon-
ate were used. Before plasma treatment, all were brought to
the same sieve size and uniformly mixed by dry ball milling.
Pre-heating was done for 2-3 min to maintain the thermal
atmosphere and remove the residual moisture. Then the ma-
terial was charged with a continuous flow of plasma gas at 1
L/min. For a small scale of raw sample, a 350 g graphite
was taken as per stoichiometric calculation and the flux was
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taken so as to maintain the required basicity (basicity=CaO+
MgO/SiO,+ALO;). The metal and slag were not clearly
separated in all cases and chemical analysis was done.

A number of experiments were carried out in the ex-
tended transferred arc plasma reactor to study the factors in-
fluencing the percentage of recovery of metal from red mud.
In reduction test the percentage of recovery of metal in re-
duction state is defined as below.

The amount of metal iron obtained from the lump is

Metal recovery = weight of iron extracted/weight of iron in
red mud fines (raw material)x100%.

3. Results and discussion

CO is a good reducing agent and most stable at above
1000°C. In the plasma furnace, CO reacts with Fe,O;. The
probable chemical reactions occurring during Fe,O; reduc-
tion are the following:

F6203+C0 —> FG304 +C02 (l)
Fe;04+CO — FeO+CO, @)
FeO+CO —> Fe+CO, 3)

However, some direct reduction of FeO by solid carbon may
also occur according to the reaction:

FeO+C — Fe+CO 4

All the equations except (4) are exothermic.
3.1. Physicochemical characterization of raw material

Red mud mainly contains oxides of Fe, Al, Si, Na, Ti and
minor amounts of S and P. The typical chemical composi-
tion of red mud received is 55.2wt% Fe,0s, 16.5wt% Al,Os,
6.3wt% SiO,, 3.1wt% NayO, 1.4wt% CaO, 4.5wt% TiO,,
0.1wt% S, and 0.08wt% P. The loss of ignition is 12.5%.
The X-ray diffraction (XRD) analysis is shown in Fig. 2.
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Fig. 2. XRD pattern of an as-received red mud sample.

Fig. 2 shows phases like hematite (Fe,0;), anatase (TiO,),
quartz (Si0O,) and different hydrates of Al,O; such as boeh-
mite (AIO(OH)), gibbsite (Al(OH)s) and diaspore (AIO(OH)).
Usually ferrohydrite shows a low crystalline character [10],
but XRD studies show well-defined peaks corresponding to
hematite. The formation of hematite, anatase quartz and
gibbsite is very stable from E},-pH diagram [11-12].

3.2. Effect of smelting time

The charge materials are consisted of red mud, graphite
and fluxes at a proportion of 100:11:10 and were smelted in
an extended arc plasma furnace, and the smelting time var-
ied between 13 and 17 min for 350 g batch. It can be seen
from Fig. 3 that there is a non-linear relationship between
each parameter of iron recovery and smelting time, with
each parameter of iron recovery achieving peak when the
smelting time is about 15 min.

80

Metal recovery / %

—a— Reductant
—e— Reductant + Lime
—a— Reductant + Dolomite

12 14 16 18
Smelting time / min

Fig. 3. Effect of smelting time on iron recovery.

It was inferred that the optimum smelting time was about
15 min, during which the reduction reaction of ferrous ox-
ides was stopped as the percentage of iron recovery was not
100% but rather 70%.

3.3. Effect of the reductant

In order to investigate the optimum content of the reduc-
tant, different percentages of graphite to red mud were stud-
ied, respectively, and other experimental parameters were
varied as follows: as shown in Fig. 4, these parameters of
iron recovery rise with the increased addition of the reduc-
tant to red mud. When the percentage of the reductant to red
mud is over 11%, the recovery of iron is decreased. The
iron recovery attains a maximum of 45%, when no flux is
added when the reductant is used.

3.4. Effect of the flux

The use of lime and dolomite results in significant metal
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Fig. 4. Effect of the reductant on iron recovery.

recovery, with the maximum metal recovery being 70% at
11% dolomite. There is a sharp decline in the metal recov-
ery when the percentage of the reductant is beyond 11%.

The effect of dolomite on metal recovery was studied.
Dolomite was varied from 10% to 16% and the results are
shown in Fig. 5. It is observed that an Fe metal recovery of
71% 1is achieved with 12% dolomite, beyond which the
metal recovery is found to decrease. Similar results are seen
in case of limestone where its amount is varied between 8%
and 14%. It showed a maximum metal recovery of 65% at
10%. With other factors remaining unaltered, increasing
dolomite beyond 10%, the metal recovery is found to de-
crease.

Metal recovery / %

50 F —=— Lime
—e— Dolomite

8 10 12 14 16
Flux / %

Fig. 5. Effect of fluxes on iron recovery.

The chemical analysis of pig iron and slag produced from
red mud is given in Table 3 and Table 4, respectively.

It can be said that plasma smelting is an energy intensive
process, which increases the cost of production. But in a
plasma smelter, the temperature built-up in the plasma reac-
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Table 3. Chemical composition of pig iron wt%

Sample Fe C S P Si Mg
RM-54M 9481 394 0.052 0211 0.06 —
RM-72M 9425 406 0.023 0208 1.05 —
RM-97M 9495 410 0.051 0.198 007 0.022

Table 4. Constituents of slag wt%

Sample  Fe FeO ALO; SiO, NaO CaO MgO
RM-97S 11.11 847 4206 1193 210 1257 8.57
RM-54S 564 503 41.82 1349 394 2029 5.80
RM-72S 22.13 2378 3857 9.75 273 1138 325

tion zone is very high. Many oxides, which are not normally
reducible by carbon or carbon monoxide in common reac-
tors, are reducible in a plasma reactor. This may be an ad-
vantage or disadvantage depending on the product chemistry
and microstructure desired. On a rough estimate, the energy
conjunction for iron ore reduction in a plasma reactor is as
follows: (1) for 350 g scale, the energy consumed is 8.92
kW-h/kg; (2) for 1 kg scale, the energy consumed 5.2 is
kW-h/kg.

The alumina-rich slag was found to contain nearly 42%
Si0,, 11%-16% CaO, 10%-20% MgO, 3%-10% metallic
iron and 5%-20% unreduced FeO. The XRD analysis of the
slag showed the peaks of different compounds as said
above.

Apart from the proportion of the reductant (i.e. graphite
powders) in the charge, the effects of the duration of smelt-
ing and the basicity of slag were also evaluated. It may be
noted from Fig. 3 that the percentage of recovery improved
initially on extending the duration of the plasma smelting
operation. But on prolonging the smelting operation, the re-
covery started dropping.

The effect of time upon metal recovery increases up to a
certain level, and after that, it exhibits a reverse trend, i.e.
the molten iron metal gets into the slag. The other two pa-
rameters like the reductant and flux behave in a similar
manner, i.e., the metal recovery increasing to a certain level
and then falling off gradually. Thermal plasma smelting
process has advantages upon other conventional smelting by
having a shorter reaction time due to high temperature and
heat transfer. Also it is feasible to handle red mud fines
without any need of pelletization in case of thermal plasma
[13].

3.5. Metallography

The microstructures of the sample were examined in an
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optical microscope at various magnifications. Most of the
samples developed a completely white or mottled cast iron
structure. This is to be expected because an external addition
of ferrosilicon was not made. Silicon was picked up by way
of the reduction of silica in red mud and the quartz added.
However, silicon in the metal was inadequate to cause
graphitization. Fig. 6(a) shows the microstructure of pig iron
produced by smelting of red mud fines with graphite as a
reductant and dolomite as a fluxing agent. The as-cast mi-
crostructure shows elongated graphitic flakes dispersed in
the Fe matrix. Fig. 6(b) shows an interdendritic eutectic
mixture of pearlite and cementite in the etched condition.

Most importantly, the titanium balance is not established
through such chemical analysis data. In addition, part of the
metallic iron could not be separated from the slag because of
two reasons. First, the temperature of the small quantity of
the metallic charge dropped rapidly on switching off the
plasma. This made the slag quite viscous. Secondly the alu-
mina-rich slag itself is viscous in character. The high viscos-
ity of the slag rendered clean slag-metal separation quite
difficult. Nevertheless, data presented in Fig. 4 show a clear
trend. Initially on increasing the proportion of the reductant,
the percentage recovery of iron oxide increases. On further
increase of the proportion of the reductant, the iron oxide
recovery falls. This trend has been repeatedly observed. The
reasons are not clear from the mass balance and chemical
analysis data. Hence, further evaluation of the metal and
slag characteristics in the SEM-EDS system was considered
necessary.

These EDS analysis data (Fig. 7) clearly indicate that the
distribution of different elements in red mud is not uniform.

100 pm

However, many trace elements which remained undetected
during bulk chemical analysis of red mud and slag were eas-
ily detected during EDS analysis. These data indicate the
complex composition of red mud and consequently that of
the smelter slag.

Fig. 6. Typical microstructures of pig iron showing (a) graph-
ite flakes (unetched condition) and (b) eutectic mixture of pear-
lite and cementite (etched condition).

(a) Element Content/ wi% Content / at%

CK 3.35 6.76

OK 35.72 54.06

Na K 4.59 4.84
Mg K 0.24 0.24
ATK 13.47 12.09
SiK 5.00 431

PK 0.08 0.06
CakK 6.31 3.81
TiK 4.23 2.14

Fe L 26.44 11.47

Ni L 0.15 0.06
Cul 0.41 0.15

3 4 5 6 7 8 9 10

Energy / keV

Fig. 7. FESEM image (a) and EDS average analysis (b) of a bunch of slag particles.

4. Conclusions

The paper presents an innovative method for the utiliza-
tion of red mud waste fines. The significant conclusions

from the present study are as follows: (1) pig iron was suc-
cessfully produced by thermal plasma technology from red
mud waste fines in one step; (2) the maximum recovery of
iron was found to be 71% corresponding to the optimum
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dolomite of 12% and optimum smelting time of about 15
min for 350 g batch.
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