The Influence of Weathering on
the Reduction of limenite with Carbon

SURESH K. GUPTA, V. RAJAKUMAR, and PAUL GRIEVESON

The reduction of synthetic ilmenite and three ilmenite concentrates (Westralian Sands Limited
(WSL), Western Mineral Sands (WMS) and Florida) with coal at 1000 °C to 1100 °C was stud-
ied using thermogravimetry and X-ray diffraction, optical microscopy, and electron probe
microanalysis of the products. The rate of reduction and the size of the iron particles decrease
with increasing degree of weathering of the concentrate. Stoichiometric ilmenite reduces faster
than pseudorutile (Fe,05;-3Ti0O,), which is a product of weathering. The addition of FeCl,,
which promoted the nucleation of iron, increased the rate of reduction, and significant coars-
ening of the iron was obtained at 1000 °C. In general, the products of reaction are iron, rutile,
reduced rutiles, unreduced ilmenite or a-oxide, and pseudobrookite solid solution. A small amount
of manganese (1.2 to 1.6 pct MnO) present in the concentrates stabilizes a pseudobrookite phase
which retains a significant amount of iron. The manganese also forms an a-oxide phase,
(Fe, Mn)TiO;, which is mainly a manganese titanate and concentrates toward the center of the

reducing particles.

' I. INTRODUCTION

THE mineral ilmenite (FeTi0;) is found in nature in an
extensive series of compounds, solid solutions, and al-
teration products. A major proportion of the mined il-
menite is the raw material for the production of rutile,
which is used to produce pigment grade TiO, and tita-
nium metal. Many methods have been proposed!!? for
upgrading ilmenite to a rutile substitute by selective re-
moval of iron. These include smelting, direct acid leach-
ing, selective chlorination, and reduction processes. The
solid-state reduction of ilmenite, in which ilmenite is re-
duced to metallic iron and rutile which are subsequently
separated by leaching, has received a great deal aof
attention in the recent past.

The reduction of synthetic as well as naturally occur-
ring ilmenite has been studied extensively.l'~*) The re-
action sequence,>'1 the kinetics of reduction,!'>-21 and
the role of preoxidation?*-2! have also been studied. In
the reduction with carbon, it has been concluded!*"! that
the reaction proceeds through carbon monoxide as a gas-
eous intermediate at temperatures above 1000 °C. The
majority of published work, however, is restricted to
temperatures of 1200 °C and above. It has also been
shown™ that it is difficult to nucleate iron in the re-
duction of synthetic ilmenite with carbon, which can be
overcome by the addition of a catalyst such as ferric
chloride. The influence of weathering of the ore on the
rate of reduction and morphology of the iron, however,
has not been examined. The present investigation is con-
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cerned with the reduction of three ilmenite concentrates:
Westralian Sands Limited (WSL), Western Mineral Sands
(WMS), and Florida, which differ significantly in the
degree of weathering. Western Mineral Sands concen-
trate was the least and Florida concentrate was the most
weathered, while WSL concentrate exhibited an inter-
mediate degree of weathering. The isothermal reduction
of these concentrates with coal at 1000 °C to 1100 °C
was investigated. If satisfactory separation of the iron
could be obtained following reduction at these temper-
atures, significant savings in energy and costs would be
achieved. Synthetic ilmenite (chemically pure FeTiO;)
was also reduced with coal in order fo obtain results for
comparison with those for the concentrates. The role of
ferric chloride additions in the reduction of the concen-
trates with coal is examined in detail with a view toward
establishing the coarsening characteristics of the iron
formed. A combination of several techniques including
thermogravimetry, optical microscopy, X-ray diffraction
(XRD), and electron probe microanalysis (EPMA) was
used to obtain a detailed understanding of the mecha-
nism of reduction.

II. EXPERIMENTAL
A. Materials

The three concentrates were reduced with Collie coal.
The WMS and WSL concentrates and coal were from
Australia, while the Florida goncentrate was from the
United States. The chemical analyses of these materials,
given in Table I, were provided by Ti-Oxide Intemational
Ltd, United Kingdom. X-ray diffraction results showed
that the least weathered WMS concentrate was essen-
tially a single-phase ilmenite. Pseudorutile was the
major phase in the highly weathered Florida concen-
trate, while ilmenite and pseudorutile were present in
WSL concentrate, which had been subjected to an inter-
mediate degree of weathering. The unmilled concen-
trates were sieved, and the size fraction 104 to 152 X
107¢ m, which accounted for ~70 pct of the material,
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Table I. Chemical Analyses of Ilmenite
Ores and Collie Coal in Weight Percent

Ilmenite Ores

Oxide WMS WSL Florida
TiO, 54.2 56.5 64.9
Fe,O; 18.0 29.8 27.9
FeO 24.0 10.3 2.2
MgO 0.16 0.21 0.24
MnO 1.6 1.2 1.3
SiO, 0.4 0.28 0.24
AL O, 0.85 0.53 1.0
P,0Os 0.02 0.01 0.12
Cr,0; 0.03 0.04 < 0.09
V,0s 0.13 0.16 0.12
CaO 0.01 0.03 0.06
Nb,Os — 0.19 0.13
Zr02 _ —_— 0.13
Collie Coal
Total carbon 59.50
Fixed carbon 48.40
Hydrogen 3.60
Sulfur 0.34
Ash 2.65
Loss at 105 °C 23.30

was used for the experiments. The Collie coal was
crushed, and the particles of the same size range were
used.

Synthetic ilmenite was prepared from a stoichiometric
mixture of high-purity iron, ferric oxide, and rutile pow-
ders. Five grams of the mixture were compacted in a
closed die of 12.5 mm in diameter at a pressure of
392.4 MPa. The compact was placed in a silica tube which
was flushed with high-purity argon (po, = 4 Pa) and
evacuated to a pressure of 5 Pa and sealed. The capsules
were heated slowly to 1100 °C, held at this temperature
for 25 hours, cooled slowly to 800 °C, and then quenched
in water. The XRD pattern confirmed that the synthe-
sized material was pure ilmenite. The ilmenite was melted
at 1500 °C in a platinum crucible held in a furnace in
high-purity argon gas flowing at 5 X 10~° m®/s. X-ray
diffraction confirmed that the product was ilmenite with
a small amount of pseudobrookite, which could have
formed as a result of minor oxidation by the air en-
trapped in the pores of ilmenite particles. The premelted
material was crushed, and particles of 104 to 152 X
107° m size were used for the reduction experiments.

In experiments with ferric chloride addition, 5 and
10 pct FeCl; in the form of FeCl;-6H,0 was thoroughly
mixed with the ilmenite-coal mixtures.

B. Apparatus and Procedure

A mixture of weighed amounts of ilmenite and coal
was pressed in a die, 6.25 mm in diameter, at a pressure
of 196.2 MPa. Pellets 0.8 g in weight and 10 mm in height
were prepared. The concentrate-coal mixture was
adjusted such that the molar ratio of carbon to oxygen
(Nc/No,) was 2, which corresponds to the maximum
carbon requirement for the removal of all the oxygen in
the ilmenite sample as carbon monoxide.

The experiments were carried out using a thermo-
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gravimetric apparatus,'® in flowing high-purity argon,
dried by passing through a column of magnesium per-
chlorate. The gas flow rate was 1 X 107 m*/s. The pel-
let was supported on a platinum pan suspended in the
constant temperature zone of the reactor which was purged
with argon for 45 minutes before the hot furnace, at about
1150 °C, was raised around it. The weight of the sample
and the temperature adjacent to it were continuously re-
corded. The temperature was maintained constant to within
*5 °C. At the end of the experiment, the furnace was
lowered, and the reduced sample was cooled to ambient
temperature in flowing argon.

The samples, which were quite porous after reduction,
were carefully removed and prepared for XRD, optical
microscopy, and EPMA. The XRD patterns were ob-
tained using a Guinier focusing camera with mono-
chromatized cobalt K, radiation. For optical microscopy,
samples mounted in “Metset” mounting plastic were
ground on silicon carbide papers to 800 grade and pol-
ished successively with 6, 3, and 1 um “Hyprez” dia-
mond lapping compound. The EPMA was done using a
JEOL JXA-3A Electron Probe Microanalyzer. Quanti-
tative distributions of iron, titanium, manganese, and
magnesium were obtained at selected points within the
grains.

III. RESULTS

The reduction paths are presented in terms of the per-
cent weight loss against time:

_W‘

percent weight loss = X 100

0
where W, = weight of sample at time #; and
W, = starting weight of the sample after the re-
moval of moisture and volatile matter from
the coal.

For experiments with ferric chloride addition, the start-
ing weight was corrected for the removal of water and
chlorine according to the reaction:

2(F6C13‘6H20) = Fe203 + 6HC1(g) + 9H20(g)

In analyzing the results in terms of the percent weight
loss, an almost direct correlation between total weight
loss and oxygen loss can be assumed since the analysis
of the gas produced during the reduction showed it to
consist of >99 pct CO. The effects of temperature and
the additive on the reduction path, the products, and their
structure are discussed below.

A. Effect of Temperature

Figures 1 and 2 for WSL and WMS ilmenite, respec-
tively, reacted with coal at 1000 °C, 1050 °C, and 1100 °C
show that the initial and overall rates of reduction in-
crease significantly with temperature. The time required
to obtain the percent weight loss corresponding to “100 pct
iron metallization,” when all of the iron oxide compo-
nent in the starting material is expected to be reduced to
metallic iron, is given in Table IT for all of the experi-
ments. Although in practice the reduction to iron is gen-
erally not complete and some reduction of rutile to reduced
rutiles (Ti,O,,_,, where n = 4 — 10) would occur at
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Fig. 1 —The effect of temperature on reduction of WSL ilmenite.

this stage, the time at which this weight loss is obtained
is very useful for assessing the influence of experimental
conditions on the reduction.

With WMS concentrate, the time for 100 pct iron met-
allization is approximately halved when the temperature
is increased from 1000 °C to 1050 °C and is reduced to
a third between 1000 °C and 1100 °C. For the more
weathered WSL concentrate, 100 pct iron metallization
was not obtained even after 20 hours at 1000 °C, and
the time required was halved when the temperature was
increased from 1050 °C to 1100 °C.

B. Effect of Ferric Chloride

A typical set of results is shown for WSL concentrate
in Figure 3 for reduction at 1000 °C. It is evident that
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Fig. 2—The effect of temperature on reduction of WMS ilmenite.

the addition increases the reaction rate significantly. At
1000 °C, the effect is much more pronounced than at the
higher temperatures. At 1050 °C and 1100 °C, the time
for 100 pct iron metallization was halved by the addition
of 5 pct ferric chloride. The effect of the amount of ad-
ditive on the rate is not simple. At 1000 °C, addition of
5 pct was more effective than one of 10 pct. At 1100 °C,
the rate was almost identical with 5 and 10 pct additions
up to 100 pct iron metallization, beyond which the sam-
ple with the 10 pct addition reduced at a faster rate than
that with the 5 pct addition.

Figures 3 through 6 show the effect of the additive on
the reduction at 1000 °C of WSL, WMS and Florida
concentrates, and synthetic ilmenite, respectively. The

Table II. Time Required for Weight Loss Corresponding to 100 Percent Iron Metallization

Time Required for Weight Loss Corresponding

to 100 Pct Iron Metallization (Fours)

Temperature FeCl; Addition

O (Pct) WSL WMS Florida Synthetic

1000 0 not even in 20 h 16 not even in 20 h 13

5 8.25 8 5.5 8

10 14 10 5 12

1050 0 10 8 - —

5 5 2.25 — —

10 6 3.75 — —

1100 0 5 5 — —

5 2.5 1.75 — —

10 2.5 2 — —
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speeding up of the reduction in the presence of the ad-
ditive is evident for all materials. The addition was more
effective in the highly weathered WSL and Florida con-
centrates; in the absence of the addition, the weight loss
corresponding to 100 pct iron metallization was not ob-
tained even after 20 hours in these concentrates. The ef-
fect is most pronounced for the Florida concentrate, which
is essentially a pseudorutile with minor concentrations
of rutile and ilmenite, the time being decreased to about
5 hours in the presence of ferric chloride.

C. Phases Present after Reduction

The XRD results of the reduced samples are sum-
marized in Table III. As expected, iron, rutile, and re-
duced rutiles were observed in all cases, together with
other phases depending on the starting material. The ad-
dition of ferric chloride does not significantly alter the
phases observed in the product. The specific results for
each material are summarized below.

1. Synthetic ilmenite

The unreduced material consisted of ilmenite and a
trace of pseudobrookite solid solution, which was not
present in the synthetic ilmenite powder used for its
preparation. The pseudobrookite probably resulted from
the oxidation of a minor amount of ilmenite with the air
trapped in its pores.

After 20 hours of reduction at 1000 °C, the phases
present were metallic iron, unreduced ilmenite, rutile,
and reduced rutiles. No pseudobrookite was detected.

2. WMS concentrate

The samples reduced at 1000 °C contained the same
phases as the reduced synthetic ilmenite together with a
trace of pseudobrookite solid solution. The addition of
ferric chloride decreased the concentration of ilmenite
and increased those of iron, rutile, and reduced rutiles’
It is interesting to note that the ilmenite phase was pres-
ent at 1050 °C, an a-oxide (M,0;) or (Fe,Mn, Ti),0,
was present at 1100 °C, and a trace of the pseudo-
brookite phase was present even at 1100 °C in spite of
the higher weight loss obtained after 20 hours.

3. WSL concentrate
At 1000 °C, iron, ilmenite, rutile, reduced rutiles, and
a trace of pseudobrookite solid solution were observed,

similar to the results obtained for WMS concentrate.
However, the ilmenite phase disappeared, and a pseudo-
brookite solid solution appeared at 1050 °C and 1100 °C.
In contrast, the unreduced M,0; or (Fe, Mn, Ti),O; phase
persisted in the WMS samples reduced at the same
temperatures.

4. Florida concentrate

This concentrate is essentially made up of pseudorutile
with some rutile and a minor amount of ilmenite. After
reduction at 1000 °C, the phases present were iron, il-
menite, rutile, reduced rutile, and a pseudobrookite solid
solution. The addition of ferric chloride decreased the
concentrations of ilmenite and rutile and increased those
of iron and reduced rutile in the reacted samples.

D. Optical Microscopy and EPMA

Preliminary examination revealed that the particles in
each of the starting concentrates varied widely in their
shape, size, pore structure, and mineralogy. A detailed
study showed that the concentrates exhibit two major types
of particles. In the first type (Type 1), the particles are
highly weathered with numerous, well-distributed pores.
The largest particles in Figures 7(a) and (b) are typical
examples. In the second type (Type 2), the particles, as
shown in Figure 7(c), are less weathered and denser.

Electron probe microanalysis slow scans for iron and
titanium were made across typical, highly weathered
(Type 1) and less weathered (Type 2) particles. The ele-
ment concentrations plotted in Figure 8 show that, in
general, regions enriched in titanium are depleted in iron
and vice versa. Figure 8(a) shows a uniform distribution
of titanium and iron in a typical, highly weathered, Type 1
particle. The average iron and titanium contents are about
26 and 33 pct, respectively, which are close to those in
pseudorutile (28 pct Fe, 36 pct Ti). In the less weath-
ered Type 2 particle, the iron concentration varies in the
range of 25 to 34 pct, and titanium is in the range of 28
to 33 pct, as shown in Figure 8(b). The maximum con-
centration of iron occurs in the regions of virtually un-
altered ilmenite with a molar ratio of Fe/Ti = 1.03, which
is close to that of pure ilmenite. The corresponding mo-
lar ratio for the weathered regions of minimum iron con-
tent is 0.63, which is almost equal to that for pseudorutile,
Fe,05-3TiO, (Fe/Ti = 2/s = 0.67).

Table III. X-Ray Diffraction Analyses of Reduced Samples

WSL WMS Florida Synthetic
Wt Wt Wt Wt
Temp. FeCl; Loss Phases Loss Phases Loss Phases Loss Phases
O (Pct) (Pct) Observed (Pct) Observed (Pct) Observed (Pct) Observed
1000 0 1491 Fe,,R,RR,PB(#) 1596 Fe,I,R,RR,PB(z) 12 Fe,,R,RR;PB 16.27 Fe, I, R, RR

5 17.11 Fe, I, R, RR, PB(z) 18.60
10 16.23 Fe, I, R, RR, PB(y) 18.06

1050 0 1643 Fe, R, RR, PB 17.52
5 17.98 Fe, R, RR, PB 21.61
16 17.85 Fe, R, RR, PB 20.71
1100 0 1834
5 19.27
10 19.94

Fe, I, R, RR, PB(?)
Fe, I, R, RR, PB()

Fe, I, R, RR, PB — — — —
Fe, I, R, RR, PB — — — —_
Fe, I, R, RR, PB — — — —

Fe, R, RR, PB 19.21 Fe, M(#), R, RR, PB — — — —
Fe, R, RR, PB 23.28 Fe, M(1), R, RR,PB — — — —_
Fe, R, RR, PB 22.87 Fe, M(z), R, RR,PB — — — —

15.6 Fe, I, R, RR, PB 17.61 Fe, I, R, RR
16.0 Fe, I, R, RR, PB 16.85 Fe, I, R, RR

Fe — metallic iron; I —ilmenite; R —rutile; RR —reduced rutiles; PB— pseudobrookite; M — a-oxide (M,0;) or (Fe, Mn, Ti),0;; and (¢)—

trace.
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Fig. 7—Photomicrographs of unreduced ilmenite particles: (a) WSL,
(b) and (c) WMS. Light gray areas within particles are unweathered,
and dark gray areas are weathered ilmenite. Cracks and pores (black)
are also visible.

The pattern of growth of the iron and the effect of
ferric chloride addition on the microstructure of reduced
samples are very different in the two types of particles.
The differences are evident at all temperatures; conse-
quently, typical structures are shown in Figure 9 for both
types of particles of WSL concentrate reduced at 1000 °C.

In the absence of FeCl, addition, Type 1 particles
(Figure 9(a)) yield finely distributed iron, while in Type 2
particles (Figure 9(b)), coarse growths are obtained. The
effect of temperature is also significant. The iron in Type 1
particles coarsened, while that in Type 2 particles be-
came finer at the higher temperature.
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Fig. 8—Concentration profiles of iron and titanium across two un-
reduced WSL ilmenite particles: (a) Type 1 and (b) Type 2.

The addition of ferric chloride coarsens the iron in
Type 1 particles, but it remains quite uniformly distrib-
uted in the matrix. The effect of the additive on Type 2
particles is important, particularly at 1000 °C (Figures 9(b)
and (d)), where a significant coarsening of the iron is
observed. Therefore, it would be advantageous to carry
out the reduction at 1000 °C in the presence of the ad-
ditive, which speeds the reaction and improves the pos-
sibility of physical separation of a significant amount of
the coarse iron.

In WMS concentrate, which is less weathered than
WSL, a larger proportion of Type 2 particles was ob-
served. In the more weathered Type 1 particles, finer
iron growths occur after reduction (Figure 10(a)) at
1000 °C. In the denser Type 2 particles (Figure 10(b)),
much coarser iron was obtained. The effect of ferric
chloride on the morphology of iron was similar to that
for WSL concentrate. Typical microstructures of WMS
samples reduced at 1050 °C and 1100 °C with 10 pct FeCl,
addition are shown in Figures 10(c) and (d).

In the highly weathered Florida concentrate, Type 1
particles were predominant. The bulk of the particles is
altered beyond the pseudorutile composition and yields
fine iron growths during reduction. Some coarsening of
the iron is observed in Type 2 particles, but significant
amounts of finer growths were present.

A typical microstructure of unreacted synthetic ilmen-
ite particle is shown in Figure 11(a). The particles are
dense. As seen in Figures 11(b) and (c), the bulk of the
reduced particles shows coarse iron growths more typi-
cal of Type 2 particles in the concentrates. Furthermore,
the addition of ferric chloride coarsens the iron signifi-
cantly, and physical separation of the iron could be quite
successfully achieved.

METALLURGICAL TRANSACTIONS B



Fig. 9—Photomicrographs of WSL ilmenite particles reduced at
1000 °C: (a) and (b) without FeCl,; (c) and (d) with 10 pct FeCl,
addition, showing iron (white), titanium oxides (gray), and voids
(black).

E. Effect of Manganese

A detailed examination of reduced particles in the three
concentrates revealed that manganese, even at small
concentration levels, plays an important role in the for-
mation of phases during reduction. Typical photo-
micrographs of WMS particles reduced at 1000 °C without
and with a 10 pct ferric chloride addition are shown in
Figures 12 and 13. Apart from iron (white) and titanium
oxides (light gray), medium and dark gray phases are
also visible. The EPMA displays for Fe, Ti, and Mn for
particle I in Figure 12(a) are given in Figures 12(b), (c),
and (d), respectively. Quantitative EPMA showed that
there is no manganese in the light gray titanium-oxide
phase, and its concentration in the medium and dark gray
phases is approximately 10.6 and 1.4 pct, while that of
iron is 1.25 and 12.5 pct, respectively. The medium gray
phase is, therefore, an a-oxide (M,0;), and the dark
gray phase is pseudobrookite.

The EPMA displays for Fe and Ti for the particle shown
in Figure 13(a) are given in Figures 13(b) and (c), re-
spectively; however, no manganese display could be ob-
tained because of its very low concentration. The particle
marked with an (X) in Figure 13(a) has large iron growths
on the periphery with an inner light gray phase contain-

METALLURGICAL TRANSACTIONS B

Fig. 10— Photomicrographs of reduced WMS ilmenite particles:
(a) and (b) at 1000 °C without FeCl;; (c) at 1050 °C with 10 pct
FeCl;; and (d) at 1100 °C with 10 pct FeCl; addition, showing iron
(white), titanium oxides (light gray), a-oxide or M,0, (medium gray),
pseudobrookite (dark gray), and voids (black).

ing uniformly distributed iron particles. The central dark
gray region does not contain metallic iron. The analysis
at the point marked with the (X) in this region is
1.7 pct Mn, 15 pct Fe, and 31 pct Ti, which corre-
sponds to a pseudobrookite phase. It is concluded that a
small amount of manganese stabilizes a pseudobrookite
phase at 1000 °C, and a significant amount of iron is
retained in this phase.

During reduction at 1000 °C, manganese diffuses ahead
of the advancing reaction interface to form a narrow en-
richment zone in which the Fe’* in the ilmenite is re-
placed by Mn®*. This phase, M,0; («-oxide), is usually
surrounded by M;0s (pseudobrookite) in which the
manganese, despite its low concentration, ties up a large
amount of iron, which remains unreduced.

1V. DISCUSSION
A. Effect of Weathering

The results show that the reaction kinetics and the
morphology of the iron are strongly dependent on the
phases formed during the weathering of the ilmenite con-
centrates. The weathering process decreases the concen-
tration of ferrous ion and increases the concentrations of
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Fig. 11—Photomicrographs of synthetic ilmenite particles: (@) un-
reduced; and (b) and (c) reduced at 1000 °C without and with a 10 pct
FeCl; addition, respectively. The phases present are iron (white) and
titanium oxides (gray). The unreduced ilmenite is also visible as dark
gray in (c).

ferric ion and titanium, resulting in the formation of
pseudorutile!?” and iron, which is progressively removed
by leaching. Western Mineral Sands concentrate is the
least altered and consists principally of an ilmenite phase;
WSL concentrate has undergone significant alteration and
consists of ilmenite and pseudorutile; and Florida con-
centrate is highly altered and consists mainly of pseudo-
rutile. In view of the wide variation between the starting
materials, it is difficult to compare the reduction paths,
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Fig. 12— (a) Photomicrograph of WMS ilmenite particles reduced at
1000 °C. Iron (white), titanium oxides (light gray), a-oxide or M,0;
(medium gray), pseudobrookite (dark gray), and voids (black). EPMA
displays of (b) iron, (¢) titanium, and (d) manganese in particle I
in (a).

particularly in the initial stages of reduction, based on
the results presented in Figures 1 through 6. In order to
obtain a more relevant comparison, the results were re-
calculated in terms of the fraction reacted, F, where:

percent weight loss at time ¢

F =
percent weight loss corresponding
to 100 pct iron metallization

Although, as discussed above, all of the iron oxide in
the concentrate is not reduced to metallic iron at the weight
loss corresponding to 100 pct iron metallization, a useful
picture emerges when the results are normalized in this
manner.

The reduction paths at 1000 °C are presented in terms
of the fraction reacted against time for the three con-
centrates and synthetic ilmenite in Figure 14. A careful
examination of these curves shows that Florida concen-
trate was reduced at the highest rate during the initial
stage, but the rate was the lowest at the later stage.
Furthermore, the rate of the initial stage decreased in the
sequence Florida—WSL—-WMS—synthetic ilmenite, while
this trend was reversed in the later stages of reduc-
tion. The overall rate was highest for synthetic ilmenite

METALLURGICAL TRANSACTIONS B



Fig. 13— (a) Photomicrograph of WMS ilmenite particles reduced at
1000 °C with a 10 pct FeCl; addition shows iron (white), titanium
oxides (light gray), pseudobrookite (dark gray), and voids (black).
EPMA displays of (b) iron and (c) titanium.

followed by WMS, WSL, and Florida concentrates. It
is concluded that (a) the initial rate of reduction increases
with the amount of ferric iron in the concentrate; (b) the
rate at the later stage decreases as the pseudorutile con-
tent increases; and (c) the highest overall rate is obtained
for concentrates with compositions approaching that of
stoichiometric ilmenite.

B. Role of Ferric Chloride in the Reduction

The addition of FeCl; significantly increases the rate
of reaction of concentrates as well as synthetic ilmenite
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Fig. 14— Fraction reacted (F) vs time at 1000 °C for synthetic, WMS,
WSL, and Florida ilmenites.

with coal. The effect of the quantity of addition is com-
plex, but, in general, the difference in the rate with 5
and 10 pct additions decreases as the temperature
increases.

It is clear that despite the use of a reactive coal, there
is some difficulty in nucleating the reduced phases, iron
and rutile, according to the following reaction:

FeTiO; + C = Fe + TiO, + CO

In previous work,!'”! it was shown that the reaction be-
tween synthetic ilmenite and graphite could not be ini-
tiated at 1000 °C in the absence of a catalyst. The addition
of ferric chloride enhances the reduction significantly by
providing iron nuclei and speeding up the regeneration
of carbon monoxide by the reaction:

CO, + C = 2CO

Although the reactivity of natural ilmenites (WSL and
Florida) and coal mixtures is much higher than that of
the synthetic material, the results clearly demonstrate that
the provision of iron through an additive significantly
enhances the initial and overall rates of reaction.

Ferric chloride is more effective in the presence of fer-
ric than ferrous iron in the ilmenite. The effect of the
addition on the reduction paths of Florida concentrate
and synthetic ilmenite is compared in Figure 15. The ini-
tial and overall rates of reduction of Florida concentrates
are higher than those of synthetic ilmenite. However, for
reasons which are unclear, the results for WSL and WMS
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Fig. 15—The comparison of reduction data, fraction reacted (F) vs
time, of Florida and synthetic ilmenites at 1000 °C with a 10 pct FeCl,
addition.

concentrates did not fit the pattern. The differences in
the levels of impurities and the physical properties of the
particles may have a bearing in this regard.

C. Products of Reduction

The products of reduction of synthetic ilmenite and
concentrates in the range of 1000 °C to 1100 °C lie in
the Fe-FeO-Ti;0,-TiO, region of the Fe-Ti-O phase dia-
gram if minor impurities are neglected. Thermodynamic
data at 1050 °C and 1100 °C are very limited, but ac-
cording to the phase diagram at 1000 °C,?® the first pHases
which form on reduction of stoichiometric ilmenite are
iron and rutile. On further reduction, the ilmenite phase
disappears, and iron and reduced rutile form. The com-
position of the reduced rutiles depends upon the oxygen
potential of the system. In the present investigation, when
stoichiometric ilmenite was reduced with coal, the phases
observed were iron, rutile, and reduced rutiles. Some
ilmenite was also present even after 20 hours of reduc-
tion and 16.3 to 17.6 pct weight loss, while the weight
loss corresponding to 100 pct iron metallization is
14.92 pct. The evidence, therefore, points to a sluggish
reaction at these temperatures. The same phases were
observed after the reduction of WMS, WSL, and Florida
concentrates, but a small quantity of pseudobrookite solid
solution was also present. Although pure ferrous pseudo-
brookite, FeTi,Os, is not stable below 1140 °C,* the
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pseudobrookite structure based on the solid solution
FeTi,05-MnTi,0s-Ti;O; can be stabilized by manganese
at temperatures considerably lower than 1140 °C.111.19:301
When synthetic ilmenite containing a trace of pseudo-
brookite was reduced, the latter phase disappeared, and
iron, rutile, reduced rutiles, and a small quantity of il-
menite were obtained. The pseudobrookite was not sta-
bilized in the absence of manganese or magnesium.

D. Morphology of Iron

The morphology of iron produced depends on many
factors, the most important being the degree of weath-
ering of the concentrate. The formation of pseudorutile
from ilmenite during weathering causes a volume re-
duction of about 6 pct,®"! which would produce elastic
stress in the oxygen lattice leading to considerable
microcracking and porosity.

The most probable sites for the nucleation of iron are
the interface between the matrix and the inclusions, lat-
tice defects, and surface irregularities. The natural al-
teration of ilmenite produces numerous such sites;
therefore, a large number of iron nuclei are formed in
the weathered ilmenite particles, and they all grow si-
multaneously. The opportunity for coalescence is low
because of the presence of titanium oxides and pores.
This results in a large number of fine iron particles within
the reduced ilmenite particles. The proportion of fine iron
in the reduced sample increases with the degree of

Fig. 16— Photomicrographs of ilmenite particles reduced at 1240 °C:
(a) WMS and (&) WSL. Iron (white), titanium oxides (light gray),
and pseudobrookite (dark gray).
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weathering of the starting material. Florida concentrate
yielded the largest proportion of fine iron growths.

On the other hand, with dense ilmenite particles, fewer
nuclei of iron would form mainly on the surface, and
their growth would result in large iron particles, as ob-
served, for example, with the synthetic ilmenite
(Figures 11(b) and (c)). The WMS and WSL concen-
trates exhibit behavior intermediate between these two
extremes.

The second important factor which influences the
morphology of iron is the temperature of reduction. At
higher temperatures, a larger number of iron nuclei form
and grow simultaneously to accommodate the higher rate
of reduction. In order to check the hypothesis that high
rates of reduction do not favor the coarsening of iron,
WSL and WMS concentrates were reduced with coal at
1240 °C. It is evident from Figure 16 that the iron is
much finer and uniformly distributed in the particles
under these conditions.

The addition of ferric chloride enhances the rate of
reduction, even when the conditions favor the formation
of fine iron particles, but significant coarsening is not
obtained. However, at a “low” temperature such as
1000 °C, the addition would be doubly advantageous,
because it increases the rate of reduction while simul-
taneously aiding the production of coarse iron, which is
more suitable for subsequent physical separation from
the titanium oxides.

V. CONCLUSIONS

1. The degree of weathering of ilmenite has a great ef-
fect on the reduction kinetics and the morphology of
the iron produced. The rate decreases, and finer iron
particles are produced with an increased degree of
weathering. .

2. The rate of reduction increases significantly with
temperatures in the range of 1000 °C to 1100 °C.

3. The addition of ferric chloride increases the rate of
reduction by providing iron nuclei and by speeding
up the regeneration of carbon monoxide.

4. The intrinsic reducibility of the pseudorutile phase is
low. Stoichiometric ilmenite (FeTiO;) reduces faster
than pseudorutile (Fe,0;-3TiO,), which is a product
of weathering, despite the numerous pores and cracks
present in pseudorutile particles.

5. If the composition of the reacting particles is close to
stoichiometric ilmenite and the temperature is low,
coarse iron particles are produced. The addition of
ferric chloride helps in the formation of coarse iron
particles, which is advantageous from the physical
separation point of view.

6. In general, the products of reaction are metallic iron,
rutile, reduced rutiles, unreduced ilmenite or a-oxide,
and pseudobrookite solid solution. Although ferrous
pseudobrookite is not stable below 1140 °C, the pres-
ence of a small amount of manganese (1.2 to
1.6 pct MnO) stabilized this structure in all three
concentrates reduced at 1000 °C to 1100 °C. The
manganese also forms an a-oxide (Mn,Fe, Ti),0,
which is mainly a manganese titanate. The man-
ganese and, consequently, this phase concentrate to-
ward the center of the particles. A significant amount

METALLURGICAL TRANSACTIONS B

of iron remains in the pseudobrookite phase, which
has a low intrinsic reducibility.
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