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INTRODUCTION

Titanium is rapidly finding use as a non-aviation construction
material largely on the merits of its excellent mechanical properties.
No metal since aluminum has found such a wide variety of applications
so soon after its commercial introduction. Unlike aluminum, no
economical process for the industrial manufacture of titanium metal
has been discovered. This prevents titanium from being used in many
products which could benefit from its use and keeps it in the category
of an exotic material. For these reasons, a cheaper, more efficient
method of winning titanium from its natural state is of large concern
to the industry.

The two minerals most commonly processed for their titanium
content are rutile (TiOz) and ilmenite (FeTiO3). Of these, ilmenite
is by far the cheapest and most abundant material(l) but is less
desirable from the standpoint of processing. To date, industry has
used ilmenite mostly for the production of pigment grade rutile,
but as the reserves of rutile ores have become less readily available,
the gradual substitution of ilmenite ores has increased(2>.

The major processes currently used for processing ilmenite are(l):

(a) Smelting with coal or coke in an electric furnace to produce

molten iron and a titanium-rich slag (the Sorel slag process)

(b) A selective chlorination using hydrochloric acid or a

combination of chlorine and carbon monoxide gases at high

temperatures and pressures



(¢) Sulphidization using either sulfuric acid, hydrogen sulfide
with carbon, or sulfur vapor at high temperatures and

pressures.
(d) Solid state reduction of the iron oxide component in the
presence of a catalyst (the Becher process).
These processes end with a concentrate high in TiOz, which is then
processed for titanium metal. Only the Becher and Sorel slag methods
have been used on an industrial scale.

The direct treatment of ilmenite [{or the extraction of titanium
is considered desirable, but an economical process has not been
developed. Direct reduction processes are quite sluggish(3’4),
although prior oxidation treatment holds much promisé for the

(4’5’6). In order to optimize this typc of process, a thorough

future
study of the oxidation process in ilmenite is of primary importance.

The thrust of the present investigation will be to determine the

kinetics of the oxidation process and the end products of roasting.



REVIEW OF LITERATURE

Previous work pertinent to this investigation falls into three
basic categories:
(1) Studies of the equilibrium system iron-titanium-oxygen and
its subsystems
(2) Studies of the mineral ilmenite and its alteration products

(3) Analytical methods for the determination of kinetic data

using non-isothermal techniques.

The System Fe-Ti-0

Much of the thermodynamic and equilibrium data available in the

literature were determined for the pseudo-ternary system 'Fe0'-Fe, 0., -

273
TiO2 at temperatures above 9000C(7’8’9). This systém has been shown(lo)

to have three solid solution series in this range of temperatures
(see Figure 1):

(1) The cubic system magnetite-ulvospinel (Fe304-Fe2TiOA) series

(2) The rhombohedral hematite-ilmenite (Fe203-FeTiO3) series

(3) The spinel pseudobrookite (FezTiO —FeTiZOS) series.

5
A fourth solid solution series, magneti:e-rutile (Fe304—TiOZ) is found

(11)

at temperatures below 400°c The pseudobinary join Fe,TiO.-FeTi.,O

2 5 275
was first shown to be a complete solid solution series above llSOOC

(12) (7,13)

by Akimoto, Nagata, and Katsura and has since been confirmed

FeTizo5 is an unnamed compound not found in nature. The join Fe203—
FeTiO3 exhibits solid solution above 9500C, and the join Fe304—Fe2TiO4
o (14)

is a complete solid solution series at temperatures as low as 600 C
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Figure 1. The system Fe0-Fe,0,-TiO, showing the three solid
solution series. “At low temperatures the join
{015,

TiOz-Fe304 becomes stable. (From Lindsley



The join FeO—TiO2 (Figure 2) of the Fe-Ti-0 system (Figure 3)
is of major importance to this study since ilmenite is but one of
three compounds in this binary sysﬁem. Each of these compounds is
an end member of a solid solution series in the Fe203—'FeO'--TiO2

(15)

revealed only the compounds ulvospinel
(12,16)

system. An early study

(2Fe0~TiOZ) and ilmenite (FeO-TiOZ), but more recent research

demonstrated the existence of FeO-ZTiOZ.

Ilmenite and its Oxidation Products

There is much apparent disagreement in the literature concerning
. . . (o) .
the behavior of ilmenite at temperatures below 1000 C, as pointed out
(A7) o |

by Rao and Rigaud . Much of this is traceable to a fundamental
difference in the samples used. Experiments involving the oxidation
products of ilmenite are performed for either mineralogical or
metallurgical reasons, with the former preferring to use naturally

(18)

obtained ilmenite concentrates. Temple has investigated several
of the commercially available ilmenite ores and found that they were
not ilmenite ('FeO' content 48%), but 'altered' ilmenite, or leucoxene,
with 'FeO' contents ranging from 0.17%7 to 49%. He speculated that this
alteration took place by slowly progressing oxidation and leaching of
the iron compounds. In any case, it cannot be expected that these
materials would behave like chemically pure FeTiOB.

Recent investigations involving synthetic or hand-picked grains

of natural ilmenite report the following groups of reactions:
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17,1
(1) as suggested by Rao and Rigaud( 7,19)

(a) below 7700C, hematite and rutile form

4FeT103 + 02 - 2Fe203 + 4T102

(b) from 770°C to 8900C, pseudorutile and hematite form

lZFeTiO3 + 302 -> 4Fe2T1309 + 2Fe203

(¢) above 8900C, pseudobrookite and rutile form

4FeTiO3 + O2 - 2Fe2T105 + 2T102

(2) as suggested by Grey and Reid(zo), Ramdohr(ZI), Curnow and

Parry(zz), Teufer and Temple(23), and Overholt, Vaux, and

Rodda(24)

(a) below 8000C, pseudorutile and hematite form

(b) above SOOOC, pseudobrookite and rutile form

(25)

(3) as suggested by Karkhanavala and Momin

(a) at 65000, pseudobrookite and rutile, 'probably' with
small amounts of hematite
(b) at 8500C, a 1:5:7 molar mixture of hematite, pseudo-

brookite and rutile

lZFeTiO3 + 302 > Fe203 + SFezTiO5 + 7TiO2

(23)

Teufer and Temple further demonstrated that pseudorutile decomposes

above SOOOC to form pseudobrookite and rutile by the reaction:

Fe Ti30

2 > FezTiO + 2TiO

9 5 2
and demonstrated the orientational relationships of an oxidized single
crystal to be

Ilmenite Pseudorutile Rutile

{0001}[1120]]|{0001}[1010]||{010}[001]



The mineral pseudorutile has never been synthesized from its

(19)

constituent compounds, hematite and rutile . Larrett and Spenqer
(see ref. 17, p. 325) report that éseudorutile only occurred when
synthetic ilmenite was oxidized, but all agree that pseudorutile is

a phase distinct from both the dubious Fe203'3TiO2 compound 'Arizonite'

(26) and the mixture reported by Karkhanavala and

(18)

discovered by Palmer

(25)

Momin . (It was pointed out by Temple that the unidentifiable

peaks reported by Karkhanavala and Momin obtained from the oxidation
products at 650°C and 850°C ére clearly due to the formation of
pseudorutile, a compound not identified in 1959.) The inability to
synthesize pseudorutile directly is believed due to either the meta-

stable nature of the compound and the corresponding need for a specific

(20)

reaction path with divalent iron as the diffusing specie or to

the slowness of the diffusion process in the temperature range where
pseudorutile exists(l7).
The compound Fe2T105 was shown by Pauling (see ref. 12, p. 38

and ref. 20, p. 188) to have the orthorhombic pseudobrookite structure.

It is an unstable compound with a lower temperature limit between 800

(17)

and 900°C. Rao and Rigaud determined pseudobrookite to be unstable
with respect to pseudorutile at temperatures below about 900°C using

. . . . . . (20-24)
differential thermal and gravimetric analysis, while others

have reported the presence of pséudobrookite as low as 800°C by

actual experiment.
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Kinetic Methods and the Oxidation of Ilmenite

The only investigations of the kinetics of the oxidation of
(19)

ilmenite reported in the literature are those of Rao and Rigaud

(25)

and Karkhanavala and Momin , with the results of the former being
central to this thesis. The latter investigation amounted to a
single published thermogram oBtained under conditions of linear
temperature increase. The principle features of this thermogram
were:

(1) small amounts of oxidation at temperatures below 300°¢

(2) a sharp increase in the reaction rate above 500%¢C

(3) a failure of the reaction to reach its theoretical limit of

5.2% weight gain .
There was no 'abrupt weight gain above 800°C" as réported by Rao and
Rigaud in their study. Karkhanavala and Momin maintained temperature
at 850°C to allow the reaction to go to completion. This appeared
on their chart of weight gain versus temperature as a ver£ical line,
which was apparently mistaken for a sharp weight increase.

Rao and Rigaud were more thorough in their experimental work.
Using both isothermal and non-isothermal techniques, they determined
that ilmenite powders oxidized according to the logarithmic rate law
with an activation energy of 9.5 kcal/mole in dry oxygen. They also
determined that ilmenite platelets oxidized parabolically with an
activation energy of 20 kcal/mole up to SOOOC, and 43 kcal/mole above
800°C. The morphology of the product layer was studied using both a

scanning electron microscope equipped with an energy-dispersive
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analysis unit for determining the distribution of elements and
platinum markers imbedded in the platelets. They report that oxygen
diffusion through the product layef is the rate limiting step at
temperatures lower than 900°C.

For this investigation, non-isothermal techniques were employed
in order to obtain large amounts of information from a small number
of samples. A short discussion of the technique is given by
Kubaschewski and Hopkins(26) and by Wood(27), both of whom mention that
the temperature must increase linearly with time. This condition was
required to make a mathematic variable transformation, which was not
shown to be necessary in the general treatment of Freeman and

(28)

Carroll . Using thermogravimetric snalysis even without linear

heating rates, good agreement with isothermal data has been

observed(29—31). A major problem with this method is that the reaction

mechanism must be determined by trial and error, with the rate law

determined from the most appropriate model(jz’JB).



The

EXPERIMENTAL PROCEDURES

techniques and equipment used in the course of this study

are presented in the following sections. All additional information

necessary to the reproduction of these data are also included.

Sample Preparation

The

ilmenite (FeTiOB) required for these experiments was

synthesized using commercially available reagents using the following

procedure:

(a)

(b)

(e)

(d)

Iron oxide (Fe203), as hematite powder, and titanium dioxide
(TiOz), as anatase powder (see Table I), were dried for
several days at 125°C to reduce the inaccuraéies that could
be caused by moisture in the reagents.
The powders>were weighed on the Sartorius type 2842
analytical balance which was capable of one-tenth of a
milligram precision. Twenty-five grams of mixture were
prepared in the exact stoichiometric proportions for the
reaction

2Fe203 + 4T102 = 4FeTiO3 + O2
The powders were biended overnight under acetone and air-
dried. The mixture was ground with a mullite mortar and
pestle to achieve a finer, more homogeneous mixture.
The material was packed into a four-inch quartz combustion

boat and placed in the uniform temperature zone of a Lindberg

'Hevi-Duty' furnace. The furnace was equipped with a mullite

12
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TABLE I. Analysis of Reagents

Titanium Dioxide (TiOz, as anhydrous anatase) 99.95% pure obtained

from J. T. Baker Chemical Co.

Water Soluble Salts
Arsenic (As)

Iron (Fe)

Lead (Pb)

Zinc (Zn)

0.03%

0.0001%

0.002%
0.0067%
0.009%

Ferric Oxide (Fe203, as red, anhydrous hematite) 99

from the Fisher Scientific Company.

Arsenic (As)

Nitrate (NOB)

Phosphate (PO4)

Sulfate (804)

Manganese (Mn)

Copper (Cu)

Substances not p'ptd by

NHQOH

Zinc (Zn)

0.002%

0.017%
0.02%
0.05%
0.05%
0.009%

0.047%
0.0077%

.817% pure obtained
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furnace tube and a Lindberg controller. The temperature

was measured with a chromel-alumel thermocouple and a

potentiometer. The system was flushed with carbon dioxide

gas flowing at 300 cc/min for at least one hour prior to

the start of the run. The flow rate was then decreased to

180 cc/min. As the temperature increased, a 907 argon-10%

hydrogen mixture was added to the gas stream. The gas

mixture was chosen so that, at lOOOOC, the following reactions

would be occurring:

(1) the reduction of hematite to ”wﬁstite"(34)
Fe203 + CO » 2'Fe0' + CO2

] ]
Fe203 + H2 > 2'Fe0' + HZO

(35

(2) the "water-gas" equilibrium
CO2 + H2 = CO + H20

Titanium dioxide does not participate in the solid-fluid

equilibrium. Six days were allowed for the solid state

reaction

'Fe0' + TiO2 -+ Fe'I‘iO3

to occur.

The furnace was opened and the sample quickly removed at

24 hour intervals for the first four days. The sintered

material was broken and crushed with a steel impact mortar

and replaced in the furnace. This procedure prevented the

sintering process from hindering the gas infiltration, and

further reduced the chance of inhomogeneity in the material.
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The material was left undisturbed for the final 48 hours
to allow sintering to consolidate the fine powders.

(f) The ilmenite was sampled énd examined with X-rays to assure
that the desired reaction had gone to completion. Finally,
the mineral was crushed and sieved to obtain three particle
size fractions. The finest particles (-325 mesh) were used

in the X-ray identificationms.

Oxidation Study

The experiment was separated into two areas:
(a) the determination of the oxidation products and morphology

(b) the study of the rates of oxidation.

Product Determination

Five-gram samples of synthetic ilmenite were returned to the
same Lindberg furnace used in the synthzsis of the material. The
specimens were held under flowing dry oxygen at temperatufes in the
range 500°c - 850°C for periods of 12 to 24 hours. The oxidized
samples were air—-quenched and subjected to an X-ray diffraction
analysis. The Siemens diffractometer was equipped with a graphite

crystal monochromator to filter the K, component of the copper K

B

radiation. The sample was held in a device which tumbled and
oscillated the loose powder specimens to prevent any effects of
1

preferred powder orientation. The scans were performed at * or 1

degree/minute under 50 kV radiation. A scintillation detector was
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used for maximum sensitivity to the weak diffracted intensities

produced.

Oxidation Kinetics

Powdered ilmenite specimens weighing from 300 to 400 mg were
loosely placed in a quartz crucible. A range of sample weights was
used in place of a single weight to determine if the height of
material in the crucible had an effect on the course of oxidation.

For example, if the particles were sintering as the temperature was
increasing, the sample height might eventually affect the path length
for the penetration of oxygen to the bottom of the crucible.

An Ainsworth Recording Balance system, type RV-AU-2, continuously
monitored the weight and temperatures of the specimen. The system
employed a Lindberg 'Hevi-Duty' furnace mounted vertically beneath
the left pan of the balance (see Figure 4). The final temperature of
the run was preset on a Honeywell type 54261 controller whose thermo-
couple was placed in the furnace insulation at the level of the hot
zone,

The sample was placed in a platinum basket which was suspended
from the left pan by a platinum wire. The temperature of the specimen
was monitored by a sheathed chromel-alumel thermocouple located 7 mm
below the sample, well within the 4 cm uniform Lemperature zone of
the furnace.

The entire system, including the balance enclosure, was flushed

with dry oxygen for at least thirty minuces before each run. The
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Figure 4. The equipment used in the thermogravimetric analysis.
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electronics were allowed to equilibrate during this time. The flow
rate was reduced to 200 cc/min and the balance enclosure gas outlet
was closed at least two minutes prior to the application of power to
the furnace windings. No change in sample weight was detected during
this period.

The experiment commenced when power was applied to the furnace
winding. A Variac, rather than a switch, was used to prevent sudden
changes in line voltage which could affect the equipment. The high
inertia furnace was allowed to heat at its own rate, which varied
continuously from 350C/min to less than lOOC/min as the experiment
progressed. Data were taken at 25°C intervals from 300°C to 85000,
at which time the experiment was terminated. Each run required 50 to
55 minutes from start to finish, depending upon ambient temperature.

This procedure was repeated for five runs each of three particle
size fractions. Four standardizing runs were also made to compensate
for convection current and bouyancy effects encountered as the gas
passed down through the hot zone of the furnace. Titanium dioxide,
which had been dried and vacuum degassed, was chosen as the standard
material since it is inert under oxidizing conditions over the
temperature range of interest. The weight of all standards was
checked with the analytical balance before and after each run with
no change noted. The weight increase of each sample was also checked
and only small discrepancies were noted. These could be due to
additional oxidation taking place during the six hour period required

to cool the furnace.



RESULTS AND DISCUSSION

The results of this study are best presented in two parts for
the purpose of discussion:

(1) the determination of the oxidation products

(2) the determination of kinetic data for the oxidation reaction.

The results will be correlated in the next section.

The Oxidation Products of Ilmenite

X-ray diffraction analysis was performed as previously described
to determiﬁe the phases present at the various temperatures. The
results of this work are collected in Table II. Table III is provided
for purposes of comparison and contains the interplanar spacings of
the reported oxidation products obtained Ly some prévious investiga-
tions. It must be remembered that the diffracted intensity from
these specimens is quite small due to the very fine-grained nature of
the oxidation products. This tends to make the material Qery amorphous
in character, causing the X-ray peaks to generally be broad and

(18,36)

diffuse As a consequence of this, no accuracy better than
i.0.0ZX is claimed for the experimentally determined lattice spacings.
No intensity data are reported because no reliable data could be
obtained from the X-ray charts.

The synthetic ilmenite had no discernable peaks due to the
presencelof impurities, unreacted material, or other iron-titanium
compounds. Magnetite and ulvospinel have occasionally been found

(17)

by other investigators and in previous synthesis attempts by

19
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TABLE IT. The Interplanar Spacings Obtained Experimentally From
-325 Mesh Synthetic Ilmenite.

Sample Sample Sample Sample Sample Sample
IL3-1 IL3-2 IL3-3 IL3-4 IL3-5 IL3-6
as syn- oxidized oxidized oxidized oxidized oxidized
thesized 24 hgurs 24 hours - 24 hours 24 hgurs 12 hours
520°¢C 615°¢C 710°¢C 790°¢C 850°C
2.89 2.89 2.883 2.88 ) 86
P .
2.74 2.74 2.73 2.74 2.74 .73
2.70 2.70 2.70 2.68
2.54 2.53
' 2.52 2.52 2.52
2.50 2.50
2.47
2.43 2.44 2.43 2.43 2.44
2.24 2.23 2 1
2.20 2.20 2.20 '
. 2.19
2.11
2.10 1.96
1.87 1.87 1.85
1.84 1.84 1.84 1'74
1.73 1.73 ’
1.71 1.70 1.70 1.71
1.69 : 1.69
1.67 1.67 1.66
1.64 1.64 1.64 1.64 1.64 1.63
1.61
1.60 1.53
1.50 1.50 4<1.501
L L 1.48 1.49 1.48 DBZ1.48/
' 1.45 1.45 1.45 DB 1.45
1.43 1.43 1.43
1.37 1.37 1.37 DB 1.42
DB’l 36
1.34 1.34 v1.34

*Diffuse Band



TABLE ITII. The Interplanar Spacings of Ilmenite and Its Reported
Oxidation Products.

Hematite Ilmenite Rutile Anatase Pseudobrookite Pseudorutile

(Fe,0,)  (FeTi0,)  (Ti0,))  (Ti0,) (Fe,Ti0,) (Fe,T1,00)
ASTM No. ASTM No. ASTM No. ASTM No. ASTM No. From G%%B &
13-0534  3-0781 21-1276  4-0477 9-0182 Reid (2V)
2.88
2.74 2.75 2.74
2.69
2.54 2 50
2.51 2 45
. 2.45
2.43 2.43
2.38
2 30 2.34 2.31
2.23 ' 2.22
2.20 2 16 2.20 2.20
2.12
2.07 2.05
2.01
1 85 1.97
1.86 ‘ 1.86
1.84
1.74
1.72
L0 1.71
1.69 1.69 . i
1.66 1.66 o
1.63 1.63 1.63 1.63 :
1.62
1.60
1.54
L 5o 1.51
. 1.49 1.49 1.49
1.48 1.48 1.48
1.45 1.47 1.45 L 43
1.42 1.42 :
s ey 1.37 1.37
: 1.34
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the author. A crude chemical analysis was accomplished using energy
dispersive analysis while the specimen was being examined in the scan-
ning electron microscope. Roughly'equal amounts of elemental iron
and titanium were present at all points along the several grains
tested.

The lines obtained from the samble oxidized for 24 hours at
520°C are still predominantly those of ilmenite, but some new lines
have appeared with 'd" spacings of 2.202, 2.438, and 2.898. The
line at 2.43% could be attributed to anatase, and the 2.208 line
could be hematite, but all three taken together indicate the presence
of pseudorutile. The absence of lines of 2.122, 2.012, 1.708 and
1.67% makes positive identification complicated, but no other
reported iron-titanium compound has a lattice reflection at d =
2.898.

The sample oxidized at 615°C for one day displayed some lines due
to hematite, and some due to the presence of either unreacted ilmenite
or increased amounts of pseudorutile. As before, there are lines
missing from the pattern of pseudorutile, but there are also lines
missing from the patterns of the other possible mineral patterns.

At 7lOOC, the pattern obtaiﬁed from the oxidation products is

certainly that of pseudorutile and hematite. The line at 2.892 has
been gaining steadily in intensity as the temperature was increased,
and the lines have become sharper, particularly the low angle lines

(large "d" spacing).
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The lines due to pseudorutile and hematite are present in the
X-ray pattern of the specimen oxidized at 79OOC, and generally all
the lines present have become shafper and more inténse. The dis-
appearance of the lines at 2.508 and 1.608 are exceptions to this
rule, as is the reappearance of the (019) pseudorutile reflection.

The sample examined at 850°C waé reacted only twelve hours as

(24)

Karkhanavala and Momin had reported that no changes occurred in
their diffraction patterns after six hours at this temperature.
However, the pattern obtained by this investigator was considerably
more amorphous in character than the other patterns. Few of the lines
were either intense or sharp. Several diffuse intensity bands were
noted. These can be attributed to either several small peaks over-
lapping or to the presence of solid solution. This discrepancy could
be due in part to the increased thickness of the plastic material used
to contain the loose powder while the X-ray analysis proceeded. The
accuracy obtained from this determination is correspondingly less
than from those patterns taken at lower temperatures. However, the
presence or absence of intensity was still detectable. Pseudorutile
was present in this sample, as shown by thie low angle lines, but the
phases pseudobrookite and rutile also appeared at this temperature.
Clearly all three phases cannot coexist in equilibrium, but there is
no reason to expect that equilibrium was reached by the reaction.

In summary, the following has been demonstrated:

(a) at temperatures as low as 5200C, the mineral pseudorutile

may be present. The reaction is probably quite sluggish



(b)

(c)

(d)

The

reported

(1)

(2)

2L

at this low temperature, indicating that perhaps as much
as a month may be required to attain equilibrium.

at 615OC, hematite is clearly present. Lines due to either

ilmenite and rutile or, more probably, to pseudorutile are

quite sharp.

at 710°C and 790°¢ pseudorufile and hematite are the only
phases present.

at 8500C, pseudorutile is present to some degree, but hema-
tite is no longer detected. Instead, pseudobrookite and

rutile have appeared.

‘-results of the X-ray study indicate general agreement with

phases. The following conclusions may be drawn:
- . o) .
no lower temperature limit exists at 770 C for the formation

of pseudorutile, as reported by Rao and Rigaud(l7). Both

this investigation and those of Temple(ls) and Karkhanavala

2 . .
and Momin( 3) show the occurrence of this mineral at temper-

atures well below 800°C.
Pseudobrookite occurs at temperatures below 890°C. This

again conflicts with Rao and Rigaud, but agrees with Grey

(20)

and Reid who reported it at 800°C.

The morphology of the ilmenite and its oxidation products can be

seen in Figures 5a-d. It must be noted that the microscopy was

performed on -325 mesh particles, including fragments and other fines.

The fines adhere to the particles making them appear more jagged and
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broken than they actually are. They would also hide the appearance
of a fragmented oxide layer, if one exists.

As synthesized, the particles are generally rounded in shape with
an uneven surface. No cracks in the surface are apparent even at
higher magnification. After oxidation at 5200C, the surface features
are "softer'" in appearance and there.are no signs of surface fracture.
Ilmenite oxidized for 24 hours at 790°C did show signs of high

stresses. The surface appears mottled and jagged, and cracking is

apparent. The product morphology is important in a study of the

17

kinetic behavior of any material as it may determine the mechanism

that controls reaction rate.

The Kinetics of Ilmenite Oxidation

The results of the thermogravimetric analysis of each sample are
given in Tables 4a-o and are shown graphically in Figures 6a-c.
Although there is some scatter in the data, a definite trend is
clearly shown. The scatter is due to improper standardization of
the equipment. This source of error can be explained by describing
the results of the standardization runs.

Each titanium dioxide standard was performed as if it were an
experimental run. The same experimental procedure was followed for
all runs, but the standards did not give repeatable results over
the initial stage of the experiment. Their apparent weight gain
always peaked shortly after power was applied to the furnace, passed

through zero and then stabilized at some value. All this occurred
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before the sample reached BOOOC, but the stable value varied by
+ 0.25 mg. The four standards were averaged together after it was
shown that their behavior did not correlate with their weight.

The charts obtained from the oxidation of ilmenite were actually
records of two simultaneous processes--the steady oxidation process
superimposed on the somewhat erratic behavior of the standard. A
+ 0.25 mg discrepancy is the same as adding or subtracting as much
as + 3 percent to the obtained results. This quantity will be taken
as the upper limit of experimental error.

One outstanding feature of the graphs of oxidation is their
failure to reach completion. A series of 1 gram samples were held
at temperatures from 500 to 800°C for twelve hours to determine if
the reaction will reach its theoretical limit of 5.27 percent weight
increase. Table Va shows that at low temperatures the oxidation was
very sluggish, with the process showing a pronounced particle size
effect. At the higher temperatures, the specimens oxidized very
rapidly, but still were not completely reacted at the end of twelve
hours. Samples weighing 300 mg. were oxidized at 750°C for 24 hours
(see Table Vb) with no improvement shown over the results at twelve
hours. It was noted that séme sintering had taken place during the
longer times, especially in the very fine particles. This could
explain why the smallest particles did not oxidize more thoroughly.

A major source of concern was the inability to obtain reproducible
heating rates with the equipment used (Figure 9). The heating rate

varied due to changes in ambient temperature. Careful consideration
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TABLE Va. Weight Gained After 12 Hours at Temperature

150-180 um Particlés 75-150 ym Particles
Weight Fraction Weight Fraction
Tempgrature Increase Reacted Increase Reacted
() (Percent) (Percent) (Percent) (Percent)
500 2.24 42.4 2.16 41.0
600 3.08 58.4 4.39 82.3
700 4.70 89.2 4.80 91.0
800 4.94 93.7 5.00 94.8

TABLE Vb. Weight Gained After 24 Hours at 750°C

Weight Fraction

Increase Reacted
Particle Size (Percent) ~ (Percent)
45-75 um 4.70 89.1
75-150 um 4.76 90.4

150-180 um 4.55 86.4



51

*saTdwes JT32uTy 2yl 103 LwIl snsada aanjeisadwai jo jord ¥

(339 3WTI 1L
OOD0SE 00088Z 00 0STZ 00 Obbl 00 22

¥
r,

-

*6 2an31y

L 00002

-~ 8.§

00 00T

(J 1 dW31



52

of the reaction process is necessary to justify the use of thermo-

gravimetric techniques employing non-linear heating rates.

The rate of oxidation is controlled by either activation energy

considerations and by the rate of supply of the reactants. These

cases may be considered:

(1)

(2)

if the reactants are finely intefspersed, say on an atomic scale,

the reaction will be controlled by the energy available. If it

is less than the activation energy of the process, no reaction
will occur. If it is greater, the process will occur
instantaneously.

If the reactants are not interspersed, as in a solid-gas reaction,

and energy is available in excess of the activation energy of the

process, then the rate of reaction is controlled only by the
supply of any one of the reactants. Consider:

(a) if the product forms a coherent layer on the surface of a
non-porous solid, the diffusion of one of the reactants
through this layer will be the rate controlling step, and
the rate will be proportional to the inverse square of the
product thickness.

(b) if the product layér is not adherent to the surface, and
diffusion is slow with respect to the reaction rate, the
interfacial area of the shrinking particle becomes rate
controlling.

/3

For isothermal experiments, a log-log plot of l—(l—X)l versus

time can be made, where X is the fractional amount of reaction that
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has occurred. The slope of the plot determines the reaction mechanism.

No such convenient method exists for the determination of kinetic

(33)

data when the temperature is varying as the reaction occurs

(29)

The method of Chatterjee was first attempted, but his method

was apparently not well suited to this experiment, nor was the method

(28)

employed by Freeman and Carroll The reasons for this unsuit-
ability have not been discovered. It is speculated that the major
difference is in the type of sample used. When deriving their methods,
both investigators employed cylindrical pellets rather than loose
powder. It is not clear why this should have an effect, but results
using these methods, even on ''smoothed" data, were very erratic.
Chatterjee's method is particularly suspect, as it requires two
different sample weights. When powdered ilmenite was used, no samplé

(31)

height effect was demonstrated. Shah and Khalafalla , who employed
Chaterjee's method, had cylindrical pellets whose height:diameter
ratio varied from 1:1 to 1:3 as the weight was varied. The effect of
this difference in geometry cannot be explained by their report.

(26,27) required that a linear temperature increase be

Other methods
employed so that a transformation of variables could take place.
These techniques obviously were not applicable.

The following method of data analysis was employed:

(1) using piecewise-linear and piecewise-polynomial curve-fitting

techniques, a least squares curve was determined for each

of the three size fractions (Figure 10).
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the slopes of the curves were determined by numerical
differentiation of the "best-fit" curve. The slope was
equivalent to the reactioh rate, expressed as the rate of
change in the percentage of the particle that had undergone
oxidation versus time.

two assumptions were made at this point: (a) the particles
were spherical with a diameter equal to the mean of the
size distribution, and (b) the product layer formed uniformly
on the surface of the sphere. Adherence of the product
layer is not implied.

the radius of the unreacted core of the spherical particle

was calculated by:

T (I BTN e

where 61 is the fractional oxidation.
the thickness of the product layer, if adherent and un-

fractured, was calculated by

t, = (ro—ri)(l.07)

This was based on a seven percent lattice expansion upon the

completion of the reaction

4FeT103 + O2 -> 2Fe203 + 4Ti02

The interfacial area was based on the spherical model, and
calculated by

2
a, = 4ur,
i i
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(7) the reaction mechanism would be determined from Arhenius
plots of the normalized rates of reaction versus temperature.

This assumes a governing relation of the form

R. =R enQ/RTi
i o ’

where: Ri is the normalized rate at temperature Ti (OK),
Ro is the initial normalized rate, Q is the activation energy,
R is the ideal gas constant, and T is absolute temperature.
(8) The normalization would involve nothing in the case of
chemical reaction control, division by the instantaneous
interfacial area if the adsorption of fluid reactants at the
reaction interface is controlling, or multiplication by the
square of the product thickness if diffusion is the rate

determining step.

(9) Ideally, the data, if properly normalized, should fall on

the same linear curve.

The data used in the making of Figures 11-13 are presented in
Tables VIa-c. Inspection shows that the best agreement is obtained
from Figure 13, the plot in which the reaction rate was normalized
to the assumed product layef thickness. The agreement is particularly
good at temperatures above 525°C. The activation energies for the
two sections of the curve are determined from the slope of the
Arrhenius plots, as below:

R =R e URT
(o]

Taking the logarithm of both sides, we obtain:
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_ Q1
In R = 1n Ro (R) T

This shows that the slope of the Arrhenius plots should be equal to
the activation energy divided by the ideal gas constant. The slopes
were obtained by linear regression using the calculated data that
are given in Table VIL. The activation energy of the procesé in the
initial stage (300—5250C) of reaction is 4.35 + 0.5 kcal/mole, and
is 50.2 + 3.0 kcal/mole at higher temperatures.

In the initial stage of reaction, many features on the surface
oxidize more easily than the sample as a whole. Evidence for this
is two-fold: the low activation energy for the process, and the
lack of a good fit to a single straight line. Diffusion control
according to the assumed model does not begin until the interface
begins moving uniformly toward the particle center.. The activation
energy obtained for the initial stage of oxidation is not generally
applicable to other kinetic techniques.

Above SOOOC, a very good fit to the assumed diffusion model
is obtained. This fit could have been improved by a more quantitative
determination of the mean particle diameters. The activation energy
is of a magnitude similar to that of the diffusion process in many
metals (40-60 kcal). This may be taken as confirmation of the

(18)

suggestion that iron is diffusing through the particle to the

reaction zone.
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TABLE VII. Calculated Results Used in Determination of Activation
Energies by the Method of Linear Regression.

T(°C)

300
325
350
375
400
425
450
475
500
525
550
575
600
625
650
675
700
725
750
775
800
825
850

1000/T(°K)

1.745
1.672
1.605
1.543
1.486
1.433
1.383
1.337
1.294
1.253
1.215
1.
1
1
1
1
1
1
0
0
0
0
0

179

<145
114
.083
.005
.028
.002
.978
.954
.932
911
.890

-~
45-75 um 75-150 um
Particles Particles

24.523 23.552
24.402 23.466
24.285 23.382
24.159 23.289
24.036 23.197
23.908 23.100
23.775 22.998
23.640 22.893
23.503 22.784
23.364 22.199
22.790 21.608
22.176 21.275
21.515 20.790
20.802 20.193
20.025 19.486
19.193 18.680
18.333 17.812
17.556 16.971
16.983 16.387
16.452 15.866
15.947 15.382
15.423 14.900
14.841 14.405

A (Rate x Thicknessz)

Activation
150-180 um Energy
Particles (kcal/mole)

23.162 1

23.090

23.021

22.942

22,865 4.35 + 0.5
22.783
22.696
22.606
22.512
21.965
21.314
20.896 1
20.343
19.680
18.912
18.052
17.138
16.347
15.784
15.287
14.824
14.365
13.898 §

50.2 + 3.0



CONCLUSIONS

(1) The oxidation of ilmenite has been shown to obey the following

(2)

(3)

(4)

reactions:
(a) below 8000C, ilmenite oxidizes to form pseudorutile and
hematite by the reaction
lZFeTiO3 + 302 > 4Fe2T13O4 + 2Fe203
(b) above 8000C, pseudobrookite and rutile are formed according
to the reaction
4FeTiO3 + 02 g 2Fe2TiO5 + 2Ti02
The presence of pseudorutile in a specimen heated twelve hours
at 850°C indicates that it may be an intermediate compound in
the reaction.
The change of oxidation mechanism above 800°C should not affect
an industrial process because no definite crystal structure is
apparent at the end of the short periods of time needed to react
finely powdered ilmenite to its apparent limit of oxidation. Also,
the theoretically required amount of oxygen is unaffected by the
change in reaction mechanism.
The oxidation of ilmenite is diffusion controlled, with an
apparent activation energy of 50 kcal/mole above 550°C. The
diffusion of iron is considered to be the controlling step in
this process.
Thermogravimetric analysis does not require a particular variety

of heating rate to give useful results. The ability to accurately

model the experimental process is still the limiting factor.
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(5) The rate of oxidation at 700°C is more than an order of magnitude
higher than the rate at 500°C. This is an important factor in

the design of any industrial process.



RECOMMENDATIONS FOR FURTHER STUDY

Of importance to any industrial process using the oxidation of
ilmenite as a preliminary step is the ease with which the iron and
titanium can be separated. The ferrous iron present in ilmenite is
converted to ferric iron by either of the reactions shown to occur,
but the oxidized ilmenite does not immediately assume any identifiable
structure.

Research into the extraction of iron or titanium oxides from
this 'amorphous' oxidation product should be carried out. Chemical

leaching and solid state reduction are two candidates for the process.
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THE OXIDATION OF ILMENITE: A KINETIC STUDY
by

Lawrence J. Corsa, III
(ABSTRACT)

Synthetically obtained ilmenite (FeO-TiOz) particles were oxidized
under conditions of a non-linear temperature increase over the range
300°-850°C. Short-circuit diffusion in the initial stages of
oxidation gave an activation energy of 4.35 + 0.4 kcal/mole, while
above 525°C the activation energy wés 50.2 + 3.0 kcal/mole. The process
was shown to be diffusion controlled, with iron the likely mobile
species above 5250C, while no mechanism could be singled out for the
controlling step in the early stages.

The oxidation products in O, after 24 hours were shown to be

2

pseudorutile (FezTi309) and hematite (Fe203) in a finely dispersed

phase at temperatures below about SOOOC, with pseudobrookite (Fe,TiO_.)
27775

and rutile (TiOZ) being stable above this temperature.





