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Abstract

The influence of Mg as main impurity in ilmenite during gaseous reduction with CO and H»
gas was studied in this work. This is of interest for the ilmenite pre-reduction step in the Tyssedal
Process as where the impurities in ilmenite tend to give impact to the reduction rate. The work
comprises an experimental investigation of synthetic Mg-rich ilmenite pellets with their
conversion (reduction) degree, which have been used to isolate the influence of Mg in ilmenite

pre-reduction.

Producing synthetic Mg-rich ilmenite, where the target compound is FeTiO3-MgTiO3z (M203)
solid solution, was the initial task. Synthetic Mg-rich ilmenite ores with different amount of Mg
were made by using a CCIF (Cold Crucible Induction furnace) in an inert atmosphere. The slow
cooling method used for the synthesis proved the possible production of the FeTiO3-MgTiO3
solid solution without other phases. The XRD analysis showed confirmation of only FeTiOs-
MgTiOs peaks.

Then, the oxidation of synthetic Mg-rich ilmenite was done after pelletizing. Synthetic Mg-
rich ilmenite pellets were oxidized in a muffle furnace at the temperature of 1000 C for 2 hours.
The resulted phases after oxidation were ferric pseudobrookite (Fex*>*TiOs), rutile (TiO2) and
magnesium dititanate (MgTi20s) as expected but also an addition of hematite (Fe.O3). The Mg in
ilmenite was thought to hinder the pseudobrookite formation of ilmenite by forming magnesium

dititanate ahead in reaction.

The reduction of synthetic Mg-rich ilmenite pellets was done with different ratio of CO and H>
gas for 4 hours. The TGA (Thermo-Gravimetric Analyzer) vertical retort furnace was used, and
the mass loss of each sample was recorded and further calculated into conversion degree.
Synthetic Mg-rich ilmenite pellet samples with different amount of Mg were reduced with 50%
CO + 50% H> gas, and they showed lower conversion degree with increasing amount of Mg in
ilmenite. Synthetic Mg-rich ilmenite pellets with same amount of Mg were reduced with
different amount of H> gas in the gas mixture, and they showed higher conversion degree with
increasing amount of Hz gas. The comparison of conversion degrees of each sample showed two

clear indications: Mg in ilmenite hinders the reduction rate, whereas H, gas enhances the



reduction rate.

In addition, the conversion degree for the sample reduced with only H> gas was approximately
“1.18” after 4 hours, which indicated addition mass from the supposedly inert rutile (TiO2).
Instead of finding phases of reduced rutile however, only phases of Mg, Ti oxide species were
detected. It was thought that Mg in ilmenite diffuses ahead and immediately stabilizes the
reduced rutile species by forming Mg, Ti oxide species.

From the experiment of synthetic Mg-rich ilmenite pellets, a clear indication for the influence
of Mg in ilmenite reduction was given. The data observed from the relatively pure synthetic

ilmenite pellets are believed to give accurate results compared to natural ilmenite pellets.

Key words: synthetic, ilmenite, Mg-rich, oxidation, reduction, CO, H2
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Chapter 1 Introduction

TITANIUM (Ti) is recognized for its outstanding chemical and physical properties, and its
application has a wide range. As a metallic element, titanium is a corrosion resistive metal with a
high strength-to-weight ratio [1]. When titanium is oxidized in air, it will immediately form a
thin passive oxide layer which protects the bulk metal from further oxidation [2]. Also, titanium
is 60% more dense than aluminum (Al), but twice as strong as the most commonly used
aluminum alloys [3]. These properties make aerospace and electrode related applications
favorable [4, 5].

Titanium dioxide (TiO>) is a naturally occurring oxide of titanium, and it also has a wide range
of applications. Due to its brightness and very high refractive index, most of titanium dioxide is
used as white pigment [6]. Approximately 95% of titanium usage is accounted for in the titanium
dioxide pigment industry [7]. Titanium dioxide can also be used in the air and water purification
industry since it behaves as a photo-catalyst under ultraviolet (UV) light [8, 9].

The raw materials for titanium and titanium dioxide production are mainly ilmenite (FeTiOz)
and rutile (TiO2). llmenite is considered as the major source for titanium, and rutile is utilized on
a commercial scale [7]. There are currently four main producers worldwide of titanium dioxide.
These are QIT-Fer & Titane Inc. (QIT, Canada), Richards Bay Minerals (RBM, S. Africa),
Exxaro (S. Africa) and TiZir Titanium & Iron AS (TTI), formerly Eramet Titanium & Iron (ETI,
Norway) [10]. RioTinto owns the first two.

The smelting of ilmenite among those producers is a carbothermal reduction process in an
electric arc furnace. Detailed description of producers is not widely known due to keeping their
technologies a secret. However, their smelting principles are similar: The iron in the molten
ilmenite is reduced by carbon to yield liquid metallic iron and titanium oxide rich slag phase,
where the slag produced serve as a raw material for pigment or titanium metal production [11].

In this chapter, the raw materials, ilmenite and rutile, are introduced along with their different
smelting technologies. Moreover, the pre-reduction step in the Tyssedal Process, which is the
ilmenite smelting technology done by TTI, Norway is emphasized. The Tyssedal Process carries
a unique pre-reduction step of ilmenite prior to smelting, and the impact of impurity (Magnesium,
Mg) during this step is of interest in this work.



1.1 Raw Materials

1.1.1 lmenite

[Imenite as an iron-titanium oxide mineral with the idealized formula, FeTiOg, is one of the
major titanium dioxide containing minerals from which titanium metal and titanium dioxide is
produced [12]. llmenite deposits can be found worldwide, and there are two types of ilmenite
deposits that are utilized today: hard rock deposits and beach sand deposits. The two main hard
rock deposits that are being mined today are the Lac Allard mine in Quebec, Canada and the
Tellnes mine in Rogaland, Norway, and the beach sand deposits are mined mostly in Australia,
South Africa and India among others [10]. Both deposits contain various impurity elements such
as Mg, Mn, V, Cr, Al, Si, etc., with different amounts according to its local weathering. Beach
sand deposits usually have a lower iron and impurity content due to the weathering of ilmenite,
which will wash out impurities and lighter metals [13]. Due to the impurities found in ilmenite,
the chemical formula of ilmenite may be more fully expressed as (Fe, M)TiOz where, M is the
impurity element. Usually, the impurities are Mg, Mn and Cr because they may substitute for Fe
or Ti in the original ilmenite lattice [14]. For example, the Norwegian ilmenite contains a
significant amount of Mg [15], and can be simply expressed as (Fe, Mg)TiOs. More details

considering Mg in ilmenite is discussed later in this thesis.

1.1.2 Rutile

Rutile is a mineral composed mostly titanium dioxide with few impurities and is a far richer
source of titanium dioxide than ilmenite [10]. This makes rutile favorable for raw material choice
for production of titanium products. In 2008, most of the mining was done in Republic of Sierra
Leone (W. Africa) and had a production capacity of 30% of the world’s annual rutile supply [16].
However, the world reserves are limited and the worldwide production of rutile is approximately
only a tenth of the ilmenite production [7]. Rutile is not found in large quantities and has less

importance in the titanium industry than ilmenite.



1.2 llmenite Smelting

1.2.1 Direct feed of ilmenite into EAF (Electric Arc Furnace) — Canada &
S. Africa

In QIT (Canada), RBM and Exxaro (S. Africa), a charge of ilmenite ore and coal is directly
put into an electric arc furnace. The smelting is done by supplying an electric power source
through the carbon electrodes. The furnaces at QIT and RBM are operated on an AC power
source, and the process is operated with 6 graphite electrodes placed in line in a rectangular shell.
At Exxaro, a single graphite electrode is placed in the center of a cylindrical furnace shell and a
DC power source is used [10].

The carbothermal reduction of the ilmenite for these producers can be simply illustrated by
Reaction (1).

FeTiO3 + C = Fe () + TiO2 slag) + CO (g) (1)

The reduction of ilmenite gives a melt consisting a liquid iron phase and a titanium dioxide
rich slag phase [17].

The tapping is done by using the difference of the specific gravity of both phases. The
approximate specific gravity of liquid iron and titanium dioxide rich slag is about 7.0 g/cm? and
4.5 glcmd, respectively. Since the specific gravity of liquid iron is higher than the titanium
dioxide rich slag, liquid iron will settle down at the bottom and titanium dioxide rich slag will be
floating on the top. This separation of liquid iron and titanium oxide rich slag enables tapping at
different levels.

After tapping, the liquid iron is desulphurized and alloyed with carbon and silicon to the
desired quality before casted into billets (or pigs), and the liquid titanium dioxide rich slag is

further cooled and crushed to a desired size [18].



1.2.2 The Becher Process — Australia

The Becher Process was patented in 1963 in Australia by Becher (Aust. pat. 247110) as cited
by Becher et al [19]. This process is an extraction method for upgrading ilmenite from 55% TiO>
to about 94% TiO2 by reducing with coal. First, an ilmenite feed is put into a rotary kiln and
heated in air at about 1000°C to be oxidized into ferric pseudobrookite (Fe**TiOs). Then
pseudobrookite is reduced with coal in another rotary kiln at the temperature of approximately
1100°C. This carbothermic reaction reduces the iron in the pseudobrookite to the metallic iron.
The oxidation and reduction of ilmenite at each temperature is shown in Reactions (2), (3) and
(4). More details concerning oxidation and reduction of ilmenite are documented in the theory

part of this thesis.

4FeTiOs + 0y (g = 2Fe;TiOs + 2TiO; (T >800C) )
FeoTiOs + TiOz + CO (g = 2FeTiOs + COz(g (T ~ 1100C) (3)
FeTiOs + CO (g = Fe + TiOz + COz g (T ~1100C) (4)

Next, the reduced ilmenite is leached in water and air heated in a stainless steel vessel. The
heating causes oxidation of metallic iron into a form of Fe(OH)., which is a form of iron rust,
and the separation of this rust is easily done by simple decantation. The remaining result is a
product of about 94% TiO- and referred as synthetic rutile.

However, the iron content of the ilmenite is not recovered as it is in the smelting operation.
Also, the process requires a relatively pure ilmenite (especially low Mg and Mn content), as the

impurities will lower the degree of iron reduction [20].



1.2.3 The Tyssedal Process — Norway

The Tyssedal Process is a unique ilmenite smelting process, which is only operated in
Tyssedal, Norway. This process consists of two main steps: Pre-reduction step and Smelting step.
The simplified flow sheet for the Tyssedal Process is shown in Figure 1.1.

In the pre-reduction step, ilmenite ores are initially fed in a wet ball mill and ground to a
suitable size for pelletization. Then the ground ilmenite slurry is filtrated and leaves a filtered
cake with about 10% moisture. The filter cake is mixed with a binder (0.8% bentonite), and
pelletization is done by a pelletizing drum. Since the green pellets are very fragile and they
require sufficient strength to remain intact through a rotary kiln, a heat treatment is necessary and
the green pellets are fired. Next, the fired pellets are further fed to a rotary kiln along with coal to
be pre-reduced. In the rotary kiln, the temperature is approximately 1100C. From the
gasification of coal, CO gas will reduce the iron oxides in the ilmenite to metallic iron. However,
there has been indication that impurities in ilmenite affect the reduction kinetics and mechanisms
during pre-reduction [21]. More details about the pre-reduction step and the influence of Mg as
the main impurity are documented in the theory part. After the pre-reduction, the ilmenite pellets
have pre-reduced to metallic iron and rutile. Then the pre-reduced pellets are cooled down in a
rotary cooler in a reducing atmosphere for preventing re-oxidation and are ready for smelting.

In the smelting step, a charge of pre-reduced pellets and reductants (coke, char, coal, etc.) is
fed into an electric arc furnace. The pellets are melted by the high heat from the electric arc, and
the reduction of the remaining unreduced ilmenite from the pre-reduction will occur in the
furnace [18]. Then the liquid iron and titanium dioxide rich slag will separate into two layers due
to the difference in specific gravity. The tapping of liquid iron and titanium dioxide rich slag is

similar which was briefly explained in Section 1.2.1.
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Figure 1.1 Simplified flow sheet for the Tyssedal Process [18]



1.3 Objectives & Outline of the thesis

1.3.1 Objectives

The main objective of this work is to isolate the impact of impurity while solid-state reduction
of ilmenite during the pre-reduction step (Tyssedal Process). Since natural ilmenite contains
several kinds of impurities with different amounts, the focus will be on the synthesis, oxidation
and reduction of synthetic impurity-rich ilmenite to isolate the impact of impurity in ilmenite.
Mg will be the impurity in question because the Norwegian ilmenite used in the Tyssedal
Process contains a significant amount of Mg [15]. In addition, the use of H gas in reduction will
also be handled in this thesis to find the impact of hydrogen as additional reductant gas.

This work was done in cooperation with co-student Sondre Norhaug who shares the similar
research area. Magnesium as impurity in ilmenite was studied by the author, whereas excess-iron
as impurity in ilmenite was studied by Norhaug. As a mutual reference point for further

comparison, the author and Norhaug have collaborated in making pure synthetic ilmenite.

e Main Objective: Isolating the impact of magnesium in ilmenite during solid-state

reduction with CO and H; gas.

e Sub Objectives: Synthetic Mg-rich ilmenite ore production.

Finding the impact of H2 gas as an additional reductant.



1.3.2 Outline of the thesis

Chapter 1 was the introduction part where raw materials and production of TiOz in general
were explained. The pre-reduction step in the Tyssedal Process was focused to give an overall
introduction of the project work.

Chapter 2 explains the related theories for synthetic ilmenite ore along with Mg as impurity.
The synthesis, oxidation and reduction of synthetic ilmenite are described with thermodynamic
data such as phase diagrams. The following chapters will also depict its part according to each
synthesis, oxidation and reduction.

Chapter 3 describes the experimental set-up of this thesis work. Laboratory equipment used
for each synthesis, oxidation and reduction are depicted in details with figures, and experimental
parameters are shown with calculation. Detailed procedures of each equipment and parameter
calculations are further explained in appendices.

Chapter 4 presents the results obtained from the experimental work from each synthesis,
oxidation and reduction. Analyses from chapter 3, such as XRD and EPMA results, are shown
for each part, and reduction results are described as conversion degree curves.

Chapter 5 discusses the experimental results from each synthesis, oxidation and reduction.
Interpretation and discussion of each part are based on the theory in chapter 2. In addition, future
work is also briefly introduced for achieving further objectives.

Chapter 6 summaries the thesis work by listing conclusion of each synthesis, oxidation and

reduction in bulleted list.



Chapter 2 Theory

In order to isolate the impact of Mg in ilmenite during pre-reduction, the first step is to
understand the ilmenite crystal structure and how different kinds of impurities associate in the
host. Although the type and amount of impurity differs from location and is dependent to its
local weathering, the Norwegian ilmenite, which contains a significant amount of Mg, is
explained [15].

Next, theoretical background concerning synthesis, oxidation and reduction of synthetic
ilmenite is documented in this chapter. For synthesis, the Fe-Ti-O ternary system and the FeO-
Ti0.-MgO ternary system are described by phase diagrams. The main focus will be the synthesis
of the FeTiO3-MgTiOs (M203) solid solution. The oxidation path of ilmenite is mainly described
by the Fe-Ti-Mg-O quaternary system. The Fe-Ti-Mg-O quaternary system is conveniently
illustrated by a three-dimensional sketch, and further details concerning the phase transition
according to reaction temperature are explained. The reduction section contains a detailed
description of the pre-reduction step in the Tyssedal Process prior to reduction and the theoretical
reduction stages of oxidized ilmenite.

Lastly, the effect of hydrogen (H2) gas as an additive to reduction is considered. There have
been studies indicating that H> gas is a better reducing agent than CO gas alone [21-23]. The use

of Hz gas in the pre-reduction step is likely to enhance the reduction degree.



2.1 llmenite crystal structure & impurities

2.1.1 llmenite crystal structure

The ilmenite crystal structure crystallizes in the trigonal system [24]. The crystal structure of

ilmenite is similar to hematite but with distortion in the oxygen layers. The crystal structure of

hematite and ilmenite is shown in Figure 2.1.

Fe203 FeTiO3

@ Fe3+ ([ Fe2+ O Ti4+

Figure 2.1 Crystal structure of hematite and ilmenite [25]
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The cations in hematite layers are all identical but in ilmenite, the Ti** ions alternate with pairs
of the Fe?" ions along the direction of the triad axis: each cation layer in an ilmenite crystal is a
mixture of Ti** ions and Fe?* ions. Thus, the chemical formula of impurity free ilmenite may be

fully expressed as Fe?*Ti**Os. The lattice parameters for hematite and ilmenite are a = 5.038 A,

c=13.772 A anda=5.088 A, c=14.092 A, respectively [25].

2.1.2 Impurities

Unlike stoichiometric ilmenite (FeTiOz), natural ilmenite contains various elements, such as
Mg, Mn, V, Cr, Al, Si, etc., with different amounts according to its local weathering. The
chemical composition of natural ilmenite differs according to location. Table 2.1 shows a list of
natural ilmenite ore with different chemical composition. The ilmenite ores in Table 2.1 are from
Allard lake ilmenite deposits (Canada), southeast coast of Africa (S. Africa), Murray Basin

(Australia) and Tellnes mine (Norway).
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Table 2.1 Chemical composition of ilmenite ores among different location [wt%o] [21, 26, 27]

TiO2 S Mn Cu Ni Co P20s
Canada
36.0 42.8 0.4 0.08 0.12 0.01 0.013 0.21 0.01
TiO2 Fe C MnO CaO SiO2  AlO3 Cr203 V205 Nb P.Os ZrO:2
S. Africa
47.0 35.0 0.03 1.10 0.06 1.11 0.42 0.13 0.17 0.03 0.02 0.08
TiO2 FeEO Fe2Oz MNnO CaO SiO2  AlRO3 Cr203 V205 Nb2Os P20s5  ZrO:
Australia
51.7 23.1 17.6 1.59 0.12 1.31 141 0.04 0.13 0.18 0.03 0.08
TiO2 Fe MnO MgO CaO SiC  AIOs Cr203 V205 Nb P20s  ZrO:2
Norway
43.7 35.6 0.31 3.70 0.27 2.25 0.56 0.096 0.19 0.005 0.016 0.05
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Among the impurities in ilmenite, Mg, Mn?*, and V** can be considered as the most
important ions due to their subtle differences in ionic radii. The radii of these ions are Mg**
(0.720 A) < Fe** (0.780 A) < Mn?" (0.830 A) and V** (0.580 A) < Ti** (0.605 A).
Substitution of Fe?* with Mg?* or Mn?* and Ti** with V#* is likely to occur during the weathering
of ilmenite. Recent studies have confirmed that Mg?* and Mn?* are mainly substituted for Fe?*
and V** is substituted for Ti** [28, 29]. The other minor impurity elements such as Al, Si, Ca, P,
Zr, etc. are commonly incorporated into the ilmenite grains during chemical weathering and they
will not be further discussed in this thesis.

Considering the Norwegian ilmenite, which contains a significant amount of Mg [15] (about
4.6 wt% MgO), Mg plays an important role in the ilmenite crystal structure. Since the ionic
radius of Mg?* is lower than the ionic radius of Fe?*, the substitution of Fe with Mg decreases the
lattice parameters and cell volume of ilmenite. The partly Mg substituted ilmenite is (FeTiOs)-
MgTiOz which is also called geikielite [30]. The lattice parameters for ideal ilmenite are a =
5.088 A, ¢ =14.092 A and for geikielite are a = 5.086 A, ¢ = 14.093 A. The cell volume for
stoichiometric ilmenite and geikielite is 315.839 A% and 315573 A3, respectively. The
substitution of Mg in the ilmenite structure also significantly decreases the specific gravity. This

is in good agreement with the specific gravity of Mg and Fe, which are as follows: Mg (1.738
g/cm?3) < Fe (7.874 g/lcm?®) [29].

2.2 Synthesis

2.2.1 Synthetic ilmenite

Synthetic ilmenite will be considered as a reference material regard to the synthetic Mg-rich
ilmenite in this thesis. The preparation of synthetic ilmenite was studied earlier at the Norwegian
University of Science and Technology (NTNU) by Canaguier during his master’s thesis [31].

The synthesis of ilmenite was based on the previously studied Fe-Ti-O system [32-34], which is

shown in Figure 2.2. At the temperature of 1200 C, four areas have been reported to be stable.
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Figure 2.2 Partial phase diagram for Fe-Ti-O system at 1200 C [33]
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1. The Spinel solid solution

The spinel solid solution is limited between magnetite (FesO4), cation-
deficient magnetite (Fe29504) and ulvospinel (Fe2TiOs) [35]. The first two
phases are points A and B, respectively, where both points lie on the Fe-O
binary line. Point C is assumed to be cation-deficient ulvgspinel
(FerosTi10204) and this may be expressed as a solution of ilmenite in
ulvospinel (Fe2TiOas)o.013-(FeTiO3)o.0s7. Point D between the point A and
ulvéspinel represents the composition of the spinel that is simultaneously in
equilibrium with wistite and metallic iron. The boundary BC defines the
limit of non-stoichiometry of the spinel, which can be slightly iron-deficient.
The extent of non-stoichiometry is seen to decrease with increasing titanium

content.

2. The a-oxide solid solution

The o-oxide solid solution is limited by the hematite (Fe2Oz), which is
point E on the Fe-O binary line. Point F is rutilic hematite (Fe203)os7-
(TiO2)o.13 and is slightly moved towards TiO> because this solid solution
shows solubility for rutile (TiO2). This solubility for rutile decreases with
increasing titanium content in the a-oxide solid solution. The a-oxide solid
solution extends partly towards Ti»Os, which is the terminal composition,
point G (Feo.97Ti1.0303). Point H is found to be Feo9sTi1.0203, and at this point
on the boundary of the single-phase a-oxide region metallic iron, a-oxide

and spinel coexist at equilibrium.

3. The M30s solid solution
The M30s solid solution is continuous between Fe,TiOs and reduced rutile (TiO2-).
The corners of this area are Fe TiOs, FeTi2Os, point | (Feo.9Ti2.100s) and
point J (Feo.02Ti2980s). This solid solution consists the Fe;TiOs and FeTi2Os

compounds, and the area widens with decreasing temperature.
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4. The Magnéli phase [36]

The Magnéli phase is displayed at point K and is obtained at oxygen
partial pressures lower than 104 atm. In this condition, pure iron appears to
be stable with reduced rutile phase. The iron is presented in a ferrous form,
and the compositions can be considered as solid solutions between the
Magnéli phases (TinO2n-1) and their ferrous iron counterparts (FeTin-102n-1).

From these areas, an ideal of how ilmenite with other species related to each other is provided.
By setting an experimental assumption, Canaguier was able to make synthetic ilmenite by using
a cold crucible induction furnace with Ar atmosphere [31]. Assuming a melt containing chemical
elements in proportions corresponding to the stoichiometric composition of ilmenite, the result
after cooling was determined. The materials used were iron (Fe), hematite (Fe2Os3) and rutile

(TiO2) and the synthesis reaction is shown in Reaction (5).

Fe + FeoOs + 3TiO, = 3FeTiOs (5)

2.2.2 Synthetic Mg-rich ilmenite: FeTiO3-MgTiOs (M203) solid solution

In order to investigate the influence of Mg in ilmenite during pre-reduction, it is crucial to
have Mg in the ilmenite crystal structure. In other words, synthesizing the FeTiO3-MgTiOs
(M203) solid solution, where Mg substitutes the Fe in the ilmenite crystal structure, is the initial
task of the investigation.

The FeO-TiO2-MgO system, which has been studied in detailed by Borowiec and Rosengvist
previously [15], can be useful for synthesizing the FeTiO3-MgTiOsz solid solution. The phase
diagrams of this system for temperatures of 1100, 1000, and 900 C are shown in Figures 2.3-5.
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Figure 2.3-5 The FeO-TiO2-MgO systems at 1100, 1000 and 900C [15]

Considering the Mg amount of the Norwegian ilmenite, the target synthesis should satisfy two
conditions. First, the synthesis should be on the Alkemade line, which connects the FeTiOz phase
and MgTiOs phase, in order to have the FeTiO3-MgTiOz solid solution as the target compound.
Second, the synthesis should be close to the FeTiOz phase, because the Norwegian ilmenite has a
Mg/Ti ratio of about 0.2 [15]. The lower part on this Alkemade line, which is the part under the
three-phase triangle, is an example.

Another aspect to consider for synthesis is the FeTi>Os-MgTi>Os (M30s) solid solution. In the
figures above, a three-phase area exists on the lower right of each diagram. This area
corresponds to a mixture of FeTiO3-MgTiOs solid solution, FeTi2Os-MgTi20s solid solution and
TiO2. In the FeTi,0s-MgTi20s solid solution, the ferrous pseudobrookite (Fe?*Ti2Os) phase
should be avoided.

The ferrous pseudobrookite phase tends to decompose into a two-phase combination of

M203+TiO2 at temperature range of 900-1100C. The concentration of MgTiOsz in the FeTiOs-
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MgTiO3 solid solution, which can coexist with TiO3, increases with decreasing temperature [15].
However, previous studies show indications of the ferrous pseudobrookite phase being stabilized
by Mn?* or Mg?* ions during gaseous reduction with CO gas [37, 38]. The stabilization of the
M30Os phase by Mn or Mg is likely to retain the iron in the oxide phase and thus results in a lower
degree of iron conversion. More details considering the gaseous reduction of ilmenite and the
conversion degree are documented in Section 2.4 and 3.3.

From the considerations for Mg-rich ilmenite synthesis, the three-phase area should be
avoided to ensure the synthesis of the FeTiOs-MgTiOs solid solution. To avoid this area, a slow
cooling of the melt can be useful. The three-phase area at temperature of 1100C, as in Figure
2.3, shifts upward towards the MgTi.Os phase with decreasing temperature. Figure 2.6 shows
the three-phase area shifting towards the MgTi2Os phase as the temperature decreases. The lower
part of the FeTiO3-MgTiO3 solid solution’s Alkemade line then exists below the three-phase area.
The method of slow cooling of melt is further explained in Section 3.1.3.

MgO

900 °C
1000 °C

1100 °C
“FeO”

Y Fe + Y Fe203 FezTi04 FeTi03 FeTiZOS

Figure 2.6 The three-phase area shifting towards the MgTi20s phase by decreasing
temperature in the FeO-TiO2-MgO system at 1100, 1000 and 900°C
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2.3 Oxidation

2.3.1 The benefits of oxidation

The oxidation of ilmenite prior to reduction is considered to be beneficial for two main
reasons. First, the oxidation of ilmenite is likely to give a better overall reduction. Previous
studies show that oxidizing ilmenite leads to a better overall reduction degree [39-41]. It has
been suggested by Jones that the iron in ilmenite becomes homogeneously distributed throughout
the oxide grains such that when it is reduced there is less agglomeration of iron around the grain
boundaries and reduction is not hindered by diffusion through iron shells [40]. Second, pelletized
ilmenite is too fragile to be handled for reduction experiment. After synthesizing bulk ilmenite, it
is ground into fine powder and pelletized into small pellets. Green pellets are very fragile and
they require heat treatment prior to reduction. The ilmenite pellets should be intact through the

remaining experiments. A more detailed description of pelletizing is presented in Section 3.2.1.

2.3.2 Oxidation of ilmenite

The phase transition of ilmenite during oxidation in different temperatures has been studied
previously. Below the temperature of 800 C, ilmenite will oxidize to form hematite (Fe2Os3), or

pseudorutile (Fe2TisOy), according to Reactions (6) and (7) [42].
4FeTiOz + Oz () = 2Fe203 + 4TiO2 (6)
12FeTiOs + 30 () = 2Fe203 + 4Fe;TizOg (7
The rate of Reaction (6) is faster than Reaction (7), and rutile with hematite are the main
products in the relatively low temperature oxidation. For Reaction (7), the formation rate of
pseudorutile increases slightly with increasing oxygen partial pressure, and it has been reported

that pseudorutile may be an intermediate product, which only exists in the relatively low

temperature oxidation process [43].
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Above the temperature of 800 C, ilmenite will oxidized to form mainly ferric pseudobrookite
(Fe2*'TiOs) and rutile, according to Reactions (8) and (9) [44].

4FeTiO3 + Oz () = 2Fe2TiOs + 2TiO> (8)

Fe2TizOg = FexTiOs + 2TiO: 9)

At the temperature higher than 800C, pseudobrookite is known to be the stable phase: the
crystal lattices of rutile, hematite and pseudorutile disintegrate and a new pseudobrookite crystal
phase is formed [43]. Pseudorutile at this temperature is not stable as mentioned before and is
considered as an intermediate phase, which will decompose into pseudobrookite and rutile.

From Reactions (8) and (9), the complete oxidation of ilmenite at temperature higher than 800 C
implies that ferric pseudobrookite and rutile are the final products. Note that all the iron in
ilmenite is now in the ferric (Fe®") state in pseudobrookite (Fez**TiOs). The ferric state of iron is
also the key mechanism for iron to become homogeneously distributed throughout the oxide
grains as mentioned in Section 2.3.1. The tentative mechanism is illustrated in Figure 2.7, and it

has been suggested that iron is mobile towards the interface layer where it is oxidized [45].
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Figure 2.7 An illustration of proposed mechanism for oxidation of ilmenite:
Pathway at high temperature (= 8007T) [43]

2.3.3 Oxidation of Mg-rich ilmenite

The Fe-Ti-Mg-O quaternary system, which is re-illustrated by a three dimensional sketch in
Figure 2.8, can be useful to predict the phase transition during the oxidation of Mg-rich ilmenite.

Borowiec and Rosengvist have previously investigated the Fe-Ti-Mg-O system in detail [15].
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Figure 2.8 The re-illustrated Fe-Ti-Mg-O quaternary system [15]
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The oxidation for a given composition of Fe-Ti-Mg is given by lines drawn through its
composition and the point “-O”. For instance, the oxidation of Fe will travel to the right side on
its O2 line to reach FeO and further Fe2Os. Mg and Ti will also travel to the right side of each O>
line and reach MgO and TiOg, respectively.

The likely oxidation path for both reference ilmenite (ilmenite without impurities) and Mg-
rich ilmenite is also expressed in the Fe-Ti-Mg-O quaternary system. Assuming relatively high
temperature oxidation (> 800 C), the reference ilmenite will follow “Path A” and reach the
Ti0,-Fe203 binary system. The resulting product for a complete oxidation is a mixture of ferric
pseudobrookite and rutile, which is the line between Fe>TiOs and TiO.. This is in a good

agreement since ferric pseudobrookite is the new stable phase at temperatures higher than 800 C

as mentioned in Section 2.3.2. If the oxidation temperature was below 800 C, the new
pseudobrookite phase will not be formed and the main product will be a mixture of hematite and
rutile.

For the Mg-rich ilmenite, the oxidation path is thought to follow “Path B”. The assumptions
for “Path B” are temperature higher than 800 C and Mg amount relating to the Norwegian
ilmenite. The result of oxidation is considered to be on the Fe2Os-TiO.-MgO system in the Fe-

Ti-Mg-O quaternary system. The Fe;O3-TiO2-MgO system at 1100 C is shown in Figure 2.9.
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Figure 2.9 The Fe203-TiO2-MgO system at 1100 C [15]

According to the Norwegian ilmenite, the ratios Mg/Ti and Fe/Ti are 0.2 and 1.12,

respectively. The end product for “Path B” is assumed to be a mixture of rutile, ferric

pseudobrookite, and magnesium dititanate (MgTi20s). Magnesium dititanate has a relativity high

thermal stability among pseudobrookite-type phases [46], and it is assume to have detrimental

impact towards reduction. More details concerning the impact of Mg in reduction will be

explained in Section 2.4.3.

2.4 Reduction

2.4.1 The pre-reduction step in the Tyssedal Process

In this section, the pre-reduction step in the Tyssedal Process from Section 1.2.3 will be

further explained prior to the theoretical reduction of ilmenite. This part is mentioned to give a

broad, yet clear understanding of the ilmenite reduction process.
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After the ilmenite pellets have been harden by heat treatment, they are fed into a rotary kiln for
pre-reduction. The pre-reduction of ilmenite in a rotary kiln is a solid-state reaction. This means
the reaction proceeds as a gas-solid reaction between gases through the Boudouard reaction [47]

where the gasification of coal is required. The Boudouard reaction is given by Reaction (10).

CO2 (g + C=2CO () (10)

The reaction mechanism of ilmenite pre-reduction can be described with the Boudouard
reaction and Reaction (11): The CO gas diffuses into the pellet and reduces ilmenite to metallic
iron, rutile and CO> gas. The CO> gas then diffuses out of the pellet and into a coal particle,
where it reacts with carbon to form new CO gas (Boudouard reaction). The combination of these

two reactions yields the total reaction, which is shown in Reaction (12) [18].

FeTiOs + CO (g + Fe + TiO2 + CO2 g (11)

FeTiOs + C = Fe + TiO2 + CO (g (12)

The net CO gas produced in the reaction is of importance. Since the conversion degree, which
is the amount of iron oxide that is reduced to metallic iron, is dependent on the amount CO> and
CO gas, it is crucial to have a low CO. / CO ratio. This implies that the Boudouard reaction is
influential in the pre-reduction step. The temperature in the pre-reduction step is above 1100 C,
and the Boudouard reaction is almost completely shifted to the right side. In this thesis, the
author will assume low CO2 / CO ratio and will not consider factors influencing this ratio such as
coal reactivity, age, origin, composition and etc. since pure CO gas was used in the experiment
instead of coal. Considering the reduction method in this thesis, more details are explained in
Section 3.3.
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2.4.2 Reduction of ilmenite

The reduction of ilmenite with gaseous reductants, such as CO or H gas, takes place in a
number of stages. For pre-oxidized ilmenite, the starting point of reduction will be the ferric iron
in pseudobrookite. According to previous studies, reduction begins by reducing ferric iron to
ferrous iron and then reduction of ferrous iron to metallic iron [21, 22, 44]. The related reactions

are shown by Reactions (13) and (14). R represents the reductant gases, CO and Ho.

FexTiOs + TiO2 + R (g) = 2FeTiO2 + RO (g) (13)

FeTiOs + R = Fe + TiO2 + RO (g (14)

The first stage of reduction is expressed in Reaction (13), where the ferric iron (Fe®") in
pseudobrookite reduces to ferrous iron (Fe?*) in ilmenite. This indicates that ilmenite is being
reformed by a recombination-reduction mechanism, and the net result is described by Reaction
(13). Also, it has been reported previously by Jones that pseudobrookite reacts with the reductant,
R (CO or Hy), to form ilmenite and the off-gas, RO (CO. or H-0), according to Reaction (13)
[44].

The second stage of reduction is described in Reaction (14), where the ferrous iron (Fe?*) in
ilmenite reduces to metallic iron (Fe). In this stage, ilmenite reacts further with the reductant, R
(CO or Hy), and assuming complete reduction of iron oxides, the final products are metallic iron
and rutile according to Reaction (14). This was also previously reported by Jones [44].

Beyond Reaction (14), a third stage can be considered relating to the reduction of titanium
oxide species. In prolonged reduction time or the use of higher Hz content in reductant gases,

reduction of rutile can reduced to reduced rutile species according to Reaction (15).

Tle +R= TiOx-l + RO (9) (15)

However, the mechanism of reduced rutile species is still ambiguous and there only have been
few studies. In this thesis, details relating to this will not be further handled, but some facts and

assumptions will be considered in Section 2.4.4.
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2.4.3 Reduction of Mg-rich ilmenite

The starting point for pre-oxidized Mg-rich ilmenite is similar with pre-oxidized ilmenite but
with an additional mixture of magnesium dititanate (MgTi20Os) according to Figure 2.9. Unlike
the theoretical reduction of ilmenite, where the end product of complete reduction is metallic
iron and rutile, the end product for the reduction of Mg-rich ilmenite is not likely to have the
same result.

Previous studies show indications that impurity elements, such as Mg and Mn, allow the
formation of other end products besides metallic iron and rutile. Lobo and colleagues have
reported armalcolite, (Fe,Mg)Ti2Os, besides metallic iron and rutile after reduction of Norwegian
ilmenite ores [21]. Grey and colleagues also have shown incomplete reduction due to the
presence of Mg or Mn, which was thought to be the stabilization of the M3Os phase [33]. These
indications of incomplete reduction by impurity elements had been predicted by Jones before.
Jones predicted that these impurity elements diffuse ahead of the reaction interface and displace
iron in the oxide phase. Eventually, the thermodynamic activity of iron becomes so low that
further reaction is not possible [48].

The impurity elements are believed to influence the reduction behavior of the ilmenite ore, but
the exact reduction mechanism and effect of these impurities are not completely isolated due to
the use of natural ilmenite ores. In this thesis, synthetic ilmenite ores are prepared and the
comparison of the reduction behavior between natural ilmenite ore and synthetic ilmenite ore is

mentioned. Then, it might be possible to isolate the impact of Mg in ilmenite during reduction.

2.4.4 Influence of H> gas as reductant

Although CO gas is mostly used for solid-state reduction, such as DRI (Direct Reduced Iron)
production [18, 49], the addition of H2 gas can enhance the reduction rate. In case of solid-state
reaction, there have been many studies indicating that H> gas is a better reducing agent than CO
gas [21-23].

The reduction of synthetic ilmenite with reductant gases, H> and CO, was previously executed
by Canaguier [31]. Figure 2.10 shows the reduction results of synthetic ilmenite with two
different reductant gases. The red line indicates the reduction with CO gas, and the black line
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indicates the reduction with H gas. Both reduction trials were done for 4 hours. The value “0” in
terms of conversion degree corresponds to no mass loss, whereas a conversion degree of “1”

corresponds to all oxygen loss from the iron oxide (Fe2Os - TiO2 or Fe>TiOs) in ilmenite.
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=—CO Reduction 4h
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Figure 2.10 Conversion degree curve for CO and H: gas reduction [31]

There is a significant difference in the conversion degree between the two results. The
conversion degree is approximately “0.58” for the reduction with CO gas, whereas the
conversion degree is more than “1.0” for the reduction with Hz gas after 4 hours of reduction.
This indicates that H gas is a far better reductant than CO gas when reducing ilmenite. For using
a combination of CO and H: gas, the conversion curve is assumed to be between the two curves
if executed.

However, when it comes to Mg-rich ilmenite, it is not clear whether the use of H> gas with
different amount will influence the reduction rate. Assuming that the Mg in ilmenite strongly
hinders the reduction degree, it is ambiguous if H> gas is likely to give further reduction. The
impact of Mg content verses the impact of H2 gas content is still in question.

Nevertheless, the related thermodynamic data gives indication for the question above. Figure
2.11 shows the standard Gibbs free energy change as the function of temperature for reduction
reactions of MgTiOg, TiO, FeTiOs and FeO by Hz gas. From Figure 2.11, two expectations can
be noticed.
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Figure 2.11 The standard Gibbs free energy change as the function of temperature
for reduction reactions of MgTiOs, TiO2, FeTiO3 & FeO by H2 gas

First, the standard reaction Gibbs energies for FeTiOz and FeO with Hx gas are relatively
lower than MgTiO3 and TiOz. Not considering the iron in armalcolite, (Fe,Mg)TiOs, this means
that iron oxides will reduce rather easily compared to the other compounds. This is in a good
correlation with the theoretical reduction of ilmenite in Section 2.4.2, where iron oxide is
reduced with two main stages.

Second, the standard reaction Gibbs energy for reduction of MgTiO3z with H, gas is higher
than the reduction of TiO2 with H> gas at the given temperature range. This gives a rough idea
that the Mg content is seemingly more influential than the H> gas content in reduction. The Mg
in ilmenite is likely to overpower the effect of Hz reduction, but the author has no knowledge or
known previous experiments to confirm this.

In addition, the reduced rutile species should also be considered. When using Hz gas as
reductant, the further reduction of rutile has been reported previously. Lobo and coworkers
reported reduced rutile phase, TiO2x, from reduction of Norwegian ilmenite with H> gas [21].

Dang also showed indications of reduced rutile species and the maximum reduced rutile specie
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was reported to be Ti>O3 [50]. However, it is not clear if the reduced rutile species will react with
Mg. For example, after rutile is reduced to reduced rutile, TiO2., it can have interaction with Mg

to form magnesium titanium oxide spices such as MgxTi3-xOs solid solution (0 < x <1).
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Chapter 3 Experimental

The experimental details considering the synthesis, oxidation and reduction of synthetic
ilmenite and Mg-rich ilmenite are explained in this chapter. Also, proper analyzing methods are
mentioned to verify each analysis of the synthesis, oxidation and reduction step.

In the synthesis step, the use of the CCIF (Cold Crucible Induction Furnace) for synthesizing
ilmenite will be the main focus. Materials packing into the crucible for optimized induction and
temperature profile during the synthesis are explained. Prior to synthesis, material preparation
and sample parameters will be also briefly mentioned.

In the next step, the method of pelletization and oxidation of synthetic ilmenite pellets is
described. The pelletization part consists of grounding and pelletizing with a brief explanation.
In the oxidation part, a muffle furnace is used for oxidation and the time-temperature profile is
considered.

Lastly, the reduction step was done by using a TGA (Thermo-Gravimetric Analyzer) vertical
retort furnace. Both synthetic ilmenite and Mg-rich ilmenite were reduced with a mixture of CO
and H. gas. Then, another reduction for synthetic Mg-rich ilmenite was experimented with
different amount of H> gas to identify the question, which was mentioned in Section 2.4.4.

In addition, analysis tools, such as XRD (X-Ray Diffraction) and EPMA (Electron Probe
Micro-Analysis), were used after each step of synthesis, oxidation and reduction. XRD was used
after every step for the confirmation of phase analysis. EPMA was mainly used for pellets after

oxidation and reduction to find the mapping of elements.

32



3.1 Synthesis

3.1.1 Material preparation

For the preparation of synthetic ilmenite and Mg-rich ilmenite, high purity powder and
sintered pieces of hematite (Fe2Oz), rutile (TiO2), magnesia (MgO) and iron (Fe) were used. The

form, size and purity of these materials are shown in Table 3.1.

Table 3.1 Material form, size and purity for synthesizing ilmenite

Material Form Size Purity (%)
Hematite Fe2Os3 Powder <5pum 99.99
Rutile TiO2 Powder / Sintered pieces <5 um /3.0-6.0 mm 99.9
Magnesia MgO Powder <5um >99.9
Iron Fe Irregularly shaped 3.2-6.4 mm 99.99

More precautions were considered when using the powder materials. Initially, the powder
materials had to be compressed into briquettes of acceptable size. When using the mixture of
powder and sintered pieces, such as powder hematite and sintered pieces of rutile, the mixture
volume was less than the volume of the crucible. However, when mixing only powder materials,
the volume of the mixture exceeded the volume of the crucible. The volume of the crucible was
limited to about 283 cm?® (Height: ~10 cm, Width: ~6 cm). In order to have a mixture volume
less than 283 cm?®, a compressor was used to decrease the mixture volume. The compressor used

with its simple sketch is shown in Figure 3.1.
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Figure 3.1 Compressor (left-top), sketch of compressor (right-top) and
compress container (bottom)

The name of the compressor is “C-presse”, and it’s a hydraulic press type with maximum
pressure of 10 tons. The compressor simply consists a compressor lever (A), compress point (B),
barometer (C) and compress container (D). Considering the width of the crucible, which was
approximately 6 cm, the compress container of inner diameter size 5.0 cm was used.

Another precaution for using powder materials was to avoid voids within the briquettes. If the
briquettes were not steadily compressed, it can leave internal voids. These voids are filled up
with air and they have a high possibility to cause splashing of melt during the high temperature

synthesis. To avoid these voids, high pressure was applied to the compress container for more
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than 90 seconds. The pressure applied was approximately 6 tons for the 5.0 cm diameter
compress container.

In addition, improper packing of these briquettes into the crucible can also make voids within
the packed crucible. More description about crucible packing is further explained in Section
3.1.3.

3.1.2 Sample parameters

Each batch of synthetic ilmenite and Mg-rich ilmenite were considered based on the Fe;Os-
TiO2-MgO system, which was previously mentioned in Section 2.2.2. The molar composition of
each batch in the Fe;O3-TiO2-MgO system and sample parameters are shown in Figure 3.2 and

Table 3.2, respectively.
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Figure 3.2 The Fe203-TiO2-MgO system at 900 C with synthetic ilmenite and Mg-rich ilmenite composition

Table 3.2 Synthetic ilmenite and Mg-rich ilmenite mass amount [g]

Symbol Fe203 TiO2 Fe MgO Total mass Note
Batch 1 ‘ 105.25 157.95 36.8 0.0 300.0 Synthetic ilmenite (No Mg)
Batch2 [l 100.61  159.76  35.19 4.84 300.4 Mg-rich ilmenite (Mg/Ti = 0.06, Low Mg)
Batch 3
Batch 4 A 89.43 167.75 31.28 16.93 305.39 Mg-rich ilmenite (Mg/Ti = 0.20, High Mg)
Batch 5
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For synthetic ilmenite, the mass of each material was calculated according to the molar
composition in the Fe>O3-Ti02-MgO system (Detailed calculations can be found in Appendix A).
Considering the volume of the crucible, approximately 300 g for one batch was adequate. The
synthetic ilmenite was used as a reference ilmenite (No Mg) to compare with the synthetic Mg-
rich ilmenite.

For synthetic Mg-rich ilmenite, 4 batches with two different amounts of Mg were considered.
Batch 2 and 3 have Mg amount of 4.84 g (Low Mg) and 16.93 g (High Mg), respectively. This
was considered to find the increasing impact of Mg in ilmenite. The Mg amount in batch 3 have
the same Mg/Ti ratio of 0.2 regarding the Norwegian ilmenite, which was mentioned in previous
chapters. Batches 4 and 5 have the same composition with batch 3. These batches were reduced
with different amount of H. gas to find the effect between Mg and H: gas. More details regarding

the reductant ratio of CO and H: gas in reduction is further described in Section 3.3.1.

3.1.3 Synthesis: CCIF (Cold Crucible Induction Furnace)

The CCIF was used for the synthesis of each ilmenite. A picture of the furnace and crucible

(with sketch) is shown in Figures 3.3 and 3.4, respectively.
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Figure 3.3 CCIF (Cold Crucible Induction Furnace)
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Figure 3.4 Picture of crucible setup (left) and sketch (right) [51]

The CCIF is a high frequency induction furnace and consists of a power supply from Farfield
Electronics PTY Ltd and a water-cooled copper crucible from ANSTO (Australian Nuclear
Science and Technology Organization). The high frequency generator operates at 750 kHz and
has a power capacity of 75 kVA. The power control on the furnace consists of a radio tube where
the acceleration current is applied. This results in a current running through the induction coil.
The power control for the experiments was the measured current running through the induction
coil and all synthesis were kept at equal power setting of 70 % of maximum current. This current
input corresponds to approximately 1650 C and was sufficient for a complete melt.

The water-cooled copper crucible is vertically segmented in order to prevent induction in the
crucible. The gaps between the segments are filled with boron nitride (BN) to prevent raw
materials falling out during packing, and the melt to flow into the gaps. The inside of the crucible
has also been treated with boron nitride coating [52]. This coating will limit the wear and tear on
the crucible as well as making the extraction of the sample from the crucible easier. The coating
is assumed not to contaminate the samples due to its relatively high thermal stability (stable up to
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2800 C with inert atmosphere). The crucible has one water inlet and one outlet connection, thus
the cooling is internal. Detailed procedures of using the CCIF can be found in Appendix B.

The material packing into the cooper crucible was carefully executed during the synthesis.
Two main aspects were considered: prevention of melt splashing and optimized induction effect.

First, all possibilities which cause splashing of melt during the high temperature synthesis
were anticipated. The causes of splashing of melt during high temperature were mainly due to
the leftover moisture in the raw materials and the unintended void generated during the material
packing.

Raw materials, such as Magnesia (MgO), were tested for hydroxylation before use. The
moisture absorbed Magnesia is Magnesium hydroxide, Mg(OH)2, and it starts to decompose at

approximately 300 C by giving off water vapor according to Reaction (16).

Mg(OH)z2 sy = MgO () + H20 (g) (16)

The temperature in the crucible increases to approximately 1650 C within few seconds. At this
temperature, decomposed moisture from Magnesium hydroxide is extremely likely to give
splashing of the melt (See pictures of melt splashed protection glass in Appendix B) due to the
huge volume expansion (approximately 1600x) of H2O () to H20 (g). For prevention of splashing,
the magnesia should go through a chemical analysis such as XRD to find if it is moisture
absorbed. In case of moisture absorbed, it should be pre-heated in an oven of temperature more
than 300 C, or should be replaced by a moisture free new source. In this experiment, new
magnesia powder was used instead of the former one which contained moisture.

Unintended void generated during the material packing into the crucible should be avoided
also. These voids contain air, which are entrapped during the packing of raw material briquettes.
For example, the gap between the crucible wall and the briquettes should be filled up with
leftover raw material powder, but it might not be filled up completely. Also, if too fragile,
briquettes can break into several pieces and air can be trapped between these gaps. The entrapped
air will cause splashing of melt during the high temperature synthesis. To prevent this, careful
packing of briquettes and powder was done. Powder was first applied to the bottom to establish a
certain layer. Then a briquette was put on the top of it, and the gaps between the crucible wall
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and briquette were filled carefully by using a small spoon. After the powder and briquette layer
were firmly established, the same procedure was done with the rest of the power and briquettes.
None of the briquettes were broken due to careful handling.

Second, the material packing order was considered to ensure an optimized induction effect.
The material packing order was studied by Canaguier previously [31]. Since the furnace is an
induction furnace, the raw materials should contain metal to have induction effect. The heat is
applied by induction heating of the metal where the Eddy currents are generated within the metal
and resistance leads to heating of the metal [53]. Figure 3.5 shows the packing order of the raw
materials. The iron pieces were placed on the top. As the induction effect goes on, the iron is
melted and mixed with the oxides. If the iron was packed in the bottom, the iron will be melted

only in the bottom part, leaving unreacted oxides above.

Figure 3.5 Packing of materials. A: Fe2Os + TiO2 (+ MgO) / B: Fe

The temperature profile during the synthesis was also another important aspect to consider.
When synthesizing Mg-rich ilmenite, it was very important not to have the ferrous
pseudobrookite (Fe?*Ti»Os) phase because they tend to be stabilized with Mg during reduction
with CO and H> gas. This was previously documented in Section 2.2.2. In order to prevent this, a

slow cooling of the melt was suggested. This was done by gradually decreasing the power supply
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after a period of time. The temperature measurement during the synthesis was conducted by
using a spectro-pyrometer (See Appendix B).

Synthetic ilmenite was cooled rapidly by killing the power supply, and synthetic Mg-rich
ilmenite was cooled slowly by decreasing the power supply by 5 % after every 3 minutes. The
initial power supply was 70 %, and it was gradually decreased until the temperature of the melt
was below 800 C.

In addition, Ar gas was used to prevent unnecessary reaction of the melt with air, and the
holding time of the melt at temperature of approximately 1650°C was kept for 3-4 minutes to
ensure complete melt. The argon flow was maintained at a flow of 1 L/min from the starting of

the synthesis to complete cooling of the melt.

3.2 Oxidation

3.2.1 Pelletization

Each synthetic ilmenite and Mg-rich ilmenite bulk was crushed into small pieces by using a
steel mortar. Then the small pieces were ground into fine ilmenite powder by a crushing machine.
A picture of the crushing machine and the container with its sketch is shown in Figure 3.6. The
steel crusher container consist two crusher parts, which are shaped as a ring (B) and a cylinder
(A). They crush the small ilmenite pieces into fine powder by using the vibration from the
machine. The vibration speed was 960 vibration per minute. For each batch, 24 seconds were

measured for crushing.
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Figure 3.6 Crushing machine (top), crusher container (left) and its sketch (right)

Next the synthetic ilmenite powder was put into a pelletizing drum for pelletization. The
pelletizer with its simple sketch is shown in Figure 3.7. Initially, a small amount of ilmenite
powder was put into the pelletizing drum at a high rotation speed of 70 rpm to produce small
seeds. Then, water was used as a binder by using a water sprayer (note that bentonite as binder
was not used in this work for prevention of further contamination of synthetic ilmenite).
Controlled amount of water and ilmenite powder were added into the pelletizing drum as the
seeds grew. After achieving a pellet size of approximately 3 mm, the rotation speed of the drum
has been lowered to 50 rpm. Then, as the pellets increase in size by adding more ilmenite powder

and water, the rotation speed was gradually decreased to 30 rpm. When the pellets were
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approximately 9 mm in size, sieves of mesh size 10, 9 and 5 mm were used to collect the pellets.
Pellets of size 9 and 10 mm were collected and put into a dryer of temperature of 100C to be
dried for 24 hours. Pellet sizes less than 9 mm were collect separately and were crushed into
powder to be used again for pelletizing. An informal know-how for successful pelletizing is
described in Appendix C.

Figure 3.7 Pelletizer drum with its sketch

3.2.2 Oxidation: Muffle furnace

The dried synthetic ilmenite pellets were carefully retrieved from the dryer and were oxidized.
The ilmenite pellets were put into a steel pan, and oxidation was done by using a muffle furnace
of type Nabertherm N17/HR Controller C290. The picture of the muffle furnace with its sketch is

shown in Figure 3.8. Each synthetic ilmenite and Mg-rich ilmenite pellets were heated for 2
hours at 1000 C to ensure complete oxidation. Then the pellets were air-cooled after 2 hours of

heating. The time-temperature profile for the oxidation of ilmenite pellets is shown in Figure 3.9.
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Figure 3.8 Muffle furnace with its sketch
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Figure 3.9 Time-temperature profile for oxidation

3.3 Reduction

3.3.1 Reduction parameters

The aim of reduction was to find the impact of Mg and H. gas in ilmenite. Batches 1, 2 and 3,
which have different Mg amount in the increasing order, were reduced with a mixture of 50 %
CO and 50 % H> gas to find indication of Mg impact in ilmenite during reduction. Batches 3, 4
and 5 have the same Mg amount, which was the amount considering the Norwegian ilmenite [15],
and were reduced with different amount of H. gas to find the competing relation between Mg
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and H» gas. Batches 4 and 5 were reduced with 25 % CO + 75 % H» gas and 100 % H> gas,
respectively.

The initial mass for all batches were 200 g of 9-10 m pellets, and the reduction temperature
was 1000C for 4 hours. The mass loss was recorded, and data were logged for every 2 seconds
during the reduction. It was assumed that the mass loss was initially due to oxygen removal from
iron oxides (Fe2TiOs or Fe2Oz - TiO2) and further oxygen removal from rutile. For example, the
conversion degree between “0” to “1” is due to the oxygen loss from iron oxides while rutile is
considered as inert. When the conversion degree is above “1”, all the oxygen from the iron
oxides have been remove and oxygen is being removed from rutile. Calculations of conversion

degree were based on this assumption:

_ —Am
Conversion Degree = ——
K- m

M [g] is the initial amount of oxygen tied to the iron oxides before reduction, and Am is the
oxygen loss from the reduction. The constant, k, is the oxygen to iron oxide ratio. The values for
K were based on the calculations in Appendix A and were 31.6, 30.2 and 26.8 for batch 1, batch 2
and batches 3-5, respectively. The reduction parameters and plot for each batch is shown in

Table 3.3 and Figure 3.10, respectively.
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Table 3.3 Reduction parameters for each batch

MgO amount [g] Gas [%0] Temperature  Time Initial mass Pellet size Note
Batch 1 - Synthetic ilmenite
Mg-rich ilmenite
Batch 2 4.84 50 CO +50 H» (Mg/Ti = 0.06)
Batch 3 1000 C 4 h 200 g 9-10 mm
Mg-rich ilmenite
25CO+75H .
Batch 4 16.93 2 (Mg/Ti =0.20)
Batch 5 100 Ho
1200
1000
800
Batch 1-3: 2.5 L/min CO + 2.5 L/min Hy
T[rcl 600 4:1.25 L/min CO + 3.75 L/min Hz
55 L/min Hs
400
200
5 L/min Ar 1L/min
0
0 1.5 5.5 7
T [h]
Heating - Reduction > Cooling ——=

Figure 3.10 Reduction Plot
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3.3.2 Reduction: TGA (Thermo-Gravimetric Analyzer) vertical retort furnace

The TGA (Thermo-Gravimetric Analyzer) vertical retort furnace was used for the reduction of

ilmenite. A picture of the crucible with its sketch is shown in Figure 3.11.
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Figure 3.11 TGA vertical retort furnace (left) and sketch of crucible (right)

The furnace is an Entech resistance furnace (Model VTF 801/12) with a kanthal element, and
the gas flow is controlled by Bronkhorst model F201c mass flow controllers. The mass balance is
a model PR2003DR by Mettler Toledo. The crucible has a double wall for gas inlet and is
suspended with wire to the mass balance, which is not to contact with the furnace. Also, it is
connected with two gas tubes, which are free of movements in order to minimize their impact on
the mass balance. The thermocouple is inserted through the center of the graphite gasket and
placed in the pile of ilmenite pellets.
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The pellets were placed on a porous container at the bottom of the crucible, and the top part
was sealed by using a graphite gasket. The reduction experiment of each batch was executed
according to Table 3.3 and Figure 3.10. The procedures of the TGA vertical retort furnace are

described in Appendix B.

3.4 Analysis

3.4.1 XRD (X-Ray Diffraction)

The XRD (X-Ray Diffraction) investigations were done at the Department of Material Science
and Engineering, NTNU. The equipment used was D8 DaVinci diffractometer. Each sample
powder from synthesis, oxidation and reduction was prepared by grounding and was placed in a
sample holder. The scan range was set from 10° to 60°, and the V6 parameter was enabled. Each
sample was analyzed for 15 minutes. After the analysis, the software, Diffrac.Eva, was used to
match the result peaks. The database, PDF -4+ 2013 RDB, was used.

3.4.2 EPMA (Electron Probe Micro-Analysis)

The EPMA (Electron Probe Micro-Analysis) was used for the mapping of elements in pellets
after oxidation and reduction. The equipment used was the JEOL JXA-8500F. The JEOL JXA-
8500F is a high performance thermal field emission electron probe micro analyzer combining
high SEM (Scanning Electron Microscope) resolution with high quality X-ray analysis of
submicron areas. It is also equipped with 5 wavelength dispersive X-ray spectrometers and an
EDS (Energy Dispersive x-ray Spectrometer).

Each pellet sample from oxidation and reduction was mounted in epoxy and then polished
down to 1 um prior to analysis. Then, the images of each sample were taken considering three
continuous regions according to Figure 3.12. This was considered to see the whole area between
the center and the end boundary of a pellet. Next, the mapping of elements was done for each

sample with the same area.
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3 continuous areas

Pellets

Figure 3.12 A sketch of an EPMA sample
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Chapter 4 Results

In this chapter, the results from the synthesis, oxidation and reduction step of synthetic
ilmenite and Mg-rich ilmenite are given. The synthesis part consists pictures of bulk appearance
and cross-section of each ilmenite. XRD analysis was done to verify the synthetic ilmenite phase.
Also, the temperature profiles are shown for each synthetic ilmenite and Mg-rich ilmenite. In the
oxidation step, both results of XRD and EPMA analyses are shown. The EPMA results show
SEM images of three continuous areas. The mappings of elements (Fe, Ti, O, Mg) are also
shown. The results from the reduction step show the reduction curves, which were calculated
into conversion curves, according to the reduction plot (Figure 3.10). XRD and EPMA analyses

after reduction are also given.
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4.1  Synthesis

4.1.1 Synthetic ilmenite

The pictures of bulk appearance and cross-section of synthetic ilmenite (batch 1) are shown in
Figure 4.1. The synthetic ilmenite bulk had an upper and lower width of approximately 5.0 and

4.5 cm, respectively. The height was approximately 5.0 cm.

5.0 cm

5.0 cm

45 cm

Figure 4.1 Bulk appearance (left) with sketch (right) &
cross-section (bottom) of synthetic ilmenite

The synthetic ilmenite bulk was easily taken out of the crucible by applying force with a
rubber hammer and had a volume of approximately !5 of the crucible volume. The remaining
boron nitride and other residuals on the synthetic ilmenite bulk were blown off by using an air
compressor, and a steel hammer was used to break the bulk. The cross-section of the bulk is
shown in Figure 4.1, and the visual appearance showed a dense homogeneous oxide structure.
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XRD analysis was done after preparing ilmenite powder. The ilmenite bulk was broken into
several small pieces and further ground into fine powder by using a steel mortar and crusher

(Figure 3.6). The XRD analysis is shown in Figure 4.2.

Batch 1. Ref. IImenite (Syn) (Coupled Two Theta/Theta)

5000 I Batch 1 Ref. limenite (Syn).brml

| PDF 04-007-2813 Ti Fe O3 iimenite, syn

| PDF 04-008-0847 Ti0.96 Fe1.03 O3 ilmenite, syn
PDF 00-029-0733 Fe +2 Ti O3 limenite, syn

4000

3000+

Counts

2000

1000

0 N JUtuL__J I

o R B e B R
10 20 30 40 50

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4.2 XRD analysis for synthetic ilmenite (Batch 1)

From the XRD analysis, ilmenite (FeTiO3) of reference PDF 04-007-2813, PDF 04-008-0847
and PDF 00-029-0733 were detected. These references indicated synthetic ilmenite peaks.
Quantitative information was not given by the XRD analysis, but the peaks showed that synthetic

ilmenite with only insignificant amount of impurities was the dominating phase in batch 1.

4.1.2 Synthetic Mg-rich ilmenite

The bulk appearance for synthetic Mg-rich ilmenites (batches 2-5) was similar with Figure 4.1
(left). However, the cross-sections of synthetic Mg-rich ilmenites were rather porous compared

to the dense synthetic ilmenite. The pores were more concentrated at the rear and bottom rather
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than the center in the bulk. Figure 4.3 shows the cross-section of the synthetic Mg-rich ilmenite
bulk (batch 2) with its simple sketch.

Figure 4.3 Cross-section of Mg-rich ilmenite bulk (batch2) with its simple sketch

The temperature profile of synthetic Mg-rich ilmenites was different compared to the
temperature profile of synthetic ilmenite. Synthetic ilmenite was cooled instantly after complete
melt, and synthetic Mg-rich ilmenites were cooled slowly. The temperature profiles of both batch

1 and batch 2 for synthesis are shown in Figure 4.4.
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Figure 4. 4 The temperature profile for batches 1 and 2

When the temperature of the melt was over 1600 C, the temperature was hold for
approximately 3-4 minutes to ensure complete mixture. Then the temperature decreased rapidly
by killing the power supply. For synthetic Mg-rich ilmenites, approximately 3-4 minutes was
also used for holding the melt after the temperature was over 1600 C. However, the temperature
decreased slowly after gradually decreasing the power supply. The power supply was gradually
decreased by 5 % after every 3 minutes until the temperature was below 800 C. Batches 3-5
showed similar temperature profiles with batch 2 (see Appendix D).

XRD analysis of Synthetic Mg-rich ilmenites were also done by following the same procedure

with synthetic ilmenite, and the result of batch 2 is shown in Figure 4.5.
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Batch 2. Mg-rich limenite (Syn) (Coupled Two Theta/Theta)

I Batch 2 Mg-rich limenite (Syn).brmi

| PDF 04-007-2813 Ti Fe O3 ilmenite, syn

| PDF 00-028-0733 Fe +2 Ti O3 limenite, syn
PDF 00-027-0247 ( Fe , Mg ) ( Ti, Fe ) O3 limenite, magnesian
PDF 00-003-0789 ( Fe , Mg ) Ti O3 limenite
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4.5 XRD analysis for synthetic Mg-rich ilmenite (Batch 2)

From the XRD analysis of batch 2, references of PDF 04-007-2813 and PDF 00-029-0733
were detected for the ilmenite (FeTiOz3) phase, and references of PDF 00-027-0247 and PDF 00-
003-0789 were detected for the M203 (FeTiO3-MgTiOgz) solid solution phase. The references of
ilmenite peaks showed indication of synthetic ilmenite, and references of M203 solid solution
peaks showed indication of M2Os solid solution. The quantitative information was not known,
but the XRD result shows that the dominating phases were synthetic ilmenite and MOz solid
solution with only insignificant amount of impurities. The XRD analyses of batches 3-5 (batches
3-5 are the same composition) had similar results with batch 2 (See Appendix E). The

dominating phases were also synthetic ilmenite and M»O3 solid solution.
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4.2 Oxidation

4.2.1 Synthetic ilmenite

The oxidation of synthetic ilmenite (batch 1) was done according to Figure 3.9. The XRD
analysis of oxidized synthetic ilmenite is given in Figure 4.6.

Batch 1. Ref. limenite (Ox) (Coupled Two Theta/Theta)

2100

| Batch 1 Ref. lImenite (Ox).brml
2000— | PDF 00-009-0182 Fe2 Ti O5 Pseudobrookite, syn
~ | PDF 04-015-5398 Ti Fe2 O5 pseudobrookite, syn
PDF 00-021-1276 Ti O2 Rutile, syn
| PDF 01-089-0554 Ti0.936 O2 Rutile, syn

1900—
180():
170():
160():
1500:
1400:
130();
1200:

1100—

Counts

1000—
900;
BOO:
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600:
50():

400—

Ty e

L A N
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2Theta (Coupled TwoTheta/Theta) WL=1.54060
Figure 4.6 XRD analysis for synthetic ilmenite after oxidation (Batch 1)

From the XRD analysis of oxidized synthetic ilmenite, two main phases were detected. First,
high intensity peaks of ferric pseudobrookite (Fe**;TiOs) with references of PDF 00-009-0182
and PDF 04-015-5398 were detected. Next, peaks of rutile (TiO2) with references of PDF 00-
021-1276 and 01-089-0554 were seen. The quantitative amount of these phases was not known,
but the analysis indicated that the major phases after oxidation of synthetic ilmenite were mainly
ferric pseudobrookite and rutile.
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The EPMA analysis was also done for the oxidized synthetic ilmenite according to Figure
3.12. Figures 4.7 and 4.8 show the SEM image and element mappings (Fe, O and Ti) of batch 1

after oxidation, respectively.

Figure 4.7 SEM image of batch 1 after oxidation
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Figure 4.8 SEM image and element mappings (Fe, O, Ti) of batch 1 after oxidation
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The different colors on the scale bars indicate the different kinds of phases and the
concentration of each element. For example, from Figure 4.8, there are three different phases,
which has the colors white, grey and black. The SEM image showed mostly two phases, which
are white and grey. The black phases are assumed to be epoxy or internal voids.

From Figure 4.9, the concentration of each element is shown according to its scale, which
shows different colors (white > purple > red > yellow > green > light blue > dark blue > black).
Besides the black area (which is assume to be epoxy or internal voids), iron and oxygen showed
a rather homogeneous distribution within the pellet with a majority of colors of yellow and green,
respectively. Iron mapping showed a tendency of more iron concentration on the edges of each
grain with the color red, but the iron concentration within the grains was homogeneous with
colors of yellow and green. For titanium, two major colors of red and yellow were shown. The

concentration of titanium was higher within the grains (red).

4.2.2 Synthetic Mg-rich ilmenite

The oxidation of synthetic Mg-rich ilmenites was also executed according to Figure 3.9. The
XRD analysis of batch 2 and batches 3-5 (batches 3-5 are the same Mg-rich ilmenites), is shown
in Figure 4.9 and Figure 4.10, respectively.
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Batch 2. Mg-rich limenite (Ox) (Coupled Two Theta/Theta)

23007
A 1 Batch 2 Mg-rich ilmenite (Ox).brml
7 | PDF 00-009-0182 Fe2 Ti 05 Pseudobrookite, syn
2100 | PDF 04-015-5398 Ti Fe2 O5 pseudobrookite, syn
e | PDF 01-089-0555 Ti0.924 O2 Rutile, syn
2000— | PDF 00-021-1276 Ti O2 Rutile, syn
1900: | PDF 00-001-0571 Mg O -2 Ti O2 Magnesium Titanium Oxide
4 | PDF 00-050-1517 Mg1.2 Ti1.8 05 Magnesium Titanium Oxide
1800— | PDF 04-003-2900 Fe2 O3 Hematite, syn
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1400—
1300—
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Figure 4.9 XRD analysis for synthetic Mg-rich ilmenite after oxidation (Batch 2)

Batch 3-5. Mg-rich limenite (Ox) (Coupled Two Theta/Theta)

2200_' 1 Batch 3-5 Mg-rich lImenite (Ox).brml
4 | PDF 00-009-0182 Fe2 Ti O5 Pseudobrookite, syn
2100 | PDF 04-015-5398 Ti Fe2 O5 pseudobrookite, syn
T | PDF 01-089-0555 Ti0.924 O2 Rutile, syn
2000 | PDF 00-021-1276 Ti O2 Rutile, syn
1900 | PDF 00-001-0571 Mg O -2 Ti 02 Magnesium Titanium Oxide
— | PDF 00-050-1517 Mg1.2 Ti1.8 O5 Magnesium Titanium Oxide
1800 | PDF 04-006-6579 Fe2 O3 Iron Oxide
1700+
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Figure 4.10 XRD analysis for synthetic Mg-rich ilmenite after oxidation (Batch 3-5)
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Three main phases were detected in oxidized batch 2. First, the ferric pseudobrookite
(Fe**,TiOs) peaks of references PDF 00-009-0182 and PDF 04-015-5398 were detected. Second,
the rutile (TiO2) peaks of references PDF 01-089-0555 and PDF 00-021-1276 were seen in the
result. Lastly, the peaks of magnesium titanium oxide (magnesium dititanate, MgTi2Os) with
references PDF 00-001-0571 and PDF 00-050-1517 were included in the analysis. In addition, a
small amount of hematite (Fe20s) of reference 04-003-2900 was also seen. Although the
quantitative information was not given, the XRD analysis showed that the major phases after
oxidation of synthetic Mg-rich ilmenite were ferric pseudobrookite, rutile and Magnesium
dititanate. Batches 3-5 had similar XDR results to batch 2.

The EPMA analysis was also done for the oxidized synthetic Mg-rich ilmenites according to
Figure 3.12. Figures 4.11 and 4.12 show the SEM image and element mappings (Fe, O, Ti and
Mg) of batch 2 and batches 3-5 after oxidation, respectively.
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Figure 4.11 SEM image and element mappings (Fe, O, Ti, Mg) of batch 2 after oxidation
62



Hg Conc

5.000
]

L3175
.150
.125
. 500
.8175
.250
.b25

.000
0.699

= - - )
(=T — T T L B T R FU R Y

.8
.9
.2
.1
.5
.8
.2
.3
.b
.0

Figure 4.12 SEM image and element mappings (Fe, O, Ti, Mg) of batches 3-5 after oxidation
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The analyses showed similar results with oxidized batch 1 from Figure 4.8 and 4.9. The SEM
images for both batch 2 and batches 3-5 showed mainly 2 phases: white and grey phases. The
black phases are also assumed to be epoxy or voids. The mappings of iron and oxygen for both
batch 2 and batches 3-5 were similar with only minor difference. Batch 2 had an iron and oxygen
concentration of color yellowish green, and batches 3-5 had an iron and oxygen concentration of
color greenish yellow. Despite the minor difference, both results showed a homogeneous
distribution of iron and oxygen within the pellet. For titanium mapping, both analyses showed
similar results with oxidized batch 1. They showed a concentration of two main colors of red and
yellow, and the concentration of titanium was higher within the grains. The mapping of
magnesium showed a rather homogeneous distribution of color dark blue for both results.
However, batch 2 showed a lower concentration of magnesium compared to batches 3-5. Since

Batches 3-5 had more magnesium content, it showed more light blue regions.

4.3 Reduction

4.3.1 Synthetic ilmenite

The reduction of synthetic ilmenite, batch 1, went accordingly to Table 3.3 and Figure 3.10.
The conversion curve is shown in Figure 4.13 (See Appendix F for mass loss curve).
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Batch 1. Ref. limenite (Re) (50% CO +50% H, / 4h)
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Figure 4.13 Conversion degree curve of batch 1 after 4 hours of reduction
with 50% CO + 50% H:

The conversion curve of batch 1 showed three different slopes. Between the time of 0 to
approximately 0.1 hour, the conversion curve increased rapidly from “0” to approximately
“0.36”. Then the conversion curve began to increase slowly from “0.36” to “0.9” until
approximately 2.25 hour. After the conversion curve reached its peak, it slowly began to
decrease from “0.9” to approximately “0.85” until 4.0 hour. Since the conversion curve is based
on mass loss of oxygen, the decreasing region between 2.25 to 4.0 hour indicates mass gain
during reduction.

The XRD analysis for the reduction of synthetic ilmenite, batch 1, is given in Figure 4.14.
When synthetic ilmenite was reduced with a mixture of 50 % CO + 50 % H> gas for 4 hours at
temperature of 1000C, the resulting phases were mainly metallic iron (Fe), rutile (TiO2)
according to the XRD analysis. Iron peaks of references PDF 00-003-1050 and PDF 04-007-
9753 were detected. For rutile peaks, references of PDF 01-089-0554 and PDF 01-089-0555 are
shown. However, additional peaks of pseudorutile of reference PDF 00-047-1777 and
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unidentified peaks were also among the XRD analysis. The unidentified peaks are shown as red
checkmarks in the analysis.

Batch 1. Ref. IImenite (Re) (Coupled Two Theta/Theta)

Batch 1 Ref. limenite (Re).brml
PDF 00-003-1050 Fe Iron

2800
l PDF 04-007-9753 Fe lron, syn

PDF 01-089-0554 Ti0.936 O2 Rutile, syn

PDF 01-089-0555 Ti0.924 O2 Rutile, syn
7 PDF 00-047-1777 Fe2 Ti3 O9 Pseudorutile
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Figure 4.14 XRD analysis for synthetic ilmenite after reduction (Batch 1)
The reduced synthetic ilmenite pellets were also mounted in epoxy according to Figure 3.12

for EPMA analysis. The EPMA analysis for the reduced synthetic ilmenite is shown in Figure
4.15, which show a SEM image and element mappings (Fe, O and Ti).
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Figure 4.15 SEM image and element mappings (Fe, O, Ti) of batch 1 after reduction
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The SEM image for reduced batch 1 showed two main phases of colors of white and grey. The
black phases are also assumed to be epoxy and internal voids.

For element mappings, iron mapping showed a mixed concentration of colors of white, purple,
light blue and dark blue. However, judging from the XRD analysis of batch 1, where the main
phases were iron and rutile, iron concentration of color white seems to be the basis in the
mapping where the other colors are rather homogeneously distributed on it. Oxygen mapping
showed a mixed oxygen concentration of colors light blue and dark blue with dark blue being
more dominant. For titanium, it showed a mixed titanium concentration of colors white, red and
yellow. All three colors were rather homogeneously distributed within the pellet, but

concentration of red is more focused within the grains.

4.3.2 Synthetic Mg-rich ilmenite

The reduction of synthetic Mg-rich ilmenites, batches 2-5, was also done according to the
reduction plot, Table 3.3 and Figure 3.10. The conversion degree curves for each synthetic Mg-
rich ilmenite are shown in Figures 4.16-19, and the comparisons of the conversion degree curves
for all batches (comparison between batches 1-3, batches 3-5 and batches 1-5) are shown in
Figures 4.20-22. (See Appendix F for mass loss curves)
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Figure 4.16-19 Conversion degree curves: Batch 2 (top-left), Batch 3 (top-right), Batch 4 (bottom-left) &
Batch 5 (bottom-right) after 4 hours of reduction
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Comparison between batches 1-3 (50% CO + 50% H, / 4h)
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Figure 4.20 Comparison of conversion degrees between batches 1-3
(Mg amount is simply expressed as “No Mg, Low Mg, High Mg” according to Table 3.2)

Comparison between batches 3-5 (50-X% CO + 50+X% H,, X =0, 25, 50 / 4h)
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Figure 4.21 Comparison of conversion degrees between batches 3-5
(Batches 3-5 have the same amount of Mg: High Mg)
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Figure 4.22 Comparison of conversion degrees between batches 1-5
(The conversion degrees of batches 1-5 are ranked after a certain amount of time: 2h)
(Note that “High Mg” is highlighted)
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From Figures 4.16-19, the different conversion degree of each batch is shown. The maximum
conversion degree for batches 2 and 3 was approximately “0.88” and “0.86”, respectively. Also,
similar with batch 1, both batches showed a minor decrease in conversion degree after reaching
their peaks. This also indicates mass gain since the conversion degree is based on mass loss of
oxygen. The peak conversion degree for batch 4 was approximately “0.98” and it remain
constant until the end of reduction. The conversion degree for batch 5 was exceeding “1” after
1.5 hour and was continuously increasing during the whole reduction. The conversion degree of
batch 5 was approximately “1.18” after 4.0 hour.

The comparison of conversion degrees between batches 1-3 and batch 3-5 in Figures 4.20 and
4.21 shows the conversion degree of synthetic ilmenite regarding the amount of magnesium or
hydrogen. In Figure 4.20, the magnesium amount in each ilmenite is simply expressed as “No
Mg”, “Low Mg” and “High Mg” considering Table 3.2. From the comparison, the more amount
of magnesium in ilmenite resulted in lower conversion degree after a certain time. For example,
the conversion degree of each ilmenite, batch 1, batch 2 and batch 3, after 2.0 hour was
approximately “0.9”, “0.85” and “0.81”, respectively. From Figure 4.21, batches 3-5 (batch 3 in
Figures 4.20 and 4.21 are the same) had the same amount of magnesium (High Mg), but they
were reduced with different amount of hydrogen gas. The more use of hydrogen gas in reduction
showed higher degree of conversion after a certain time. For example, batch 5, which was
reduced with only hydrogen gas, showed the highest conversion degree compared to other
batches. It was already exceeding “1” after 1.5 hour. Batch 4 was reduced with 75% hydrogen
gas, and the conversion degree was near to “1” after 2.0 hour but did not exceed “1”. Batch 3
was reduced with 50% hydrogen and it showed the lowest conversion degree among the
comparison. It was approximately “0.81” after 2.0 hour.

The comparison of all batches is also given in Figure 4.22 to see the integrated relation of
synthetic ilmenite with magnesium and hydrogen gas. The conversion degrees after a certain
time (2.0 hour) were ranked: 1% Batch 5, 2" Batch 4, 3" Batch 1, 4" Batch 2 and 5" Batch 3.
From the ranking, the results were same with Figures 4.20 and 21, but the ranking gap between
the used of hydrogen content in reduction was greater than the ranking gap of the magnesium
content in ilmenite. For example, when considering only batches 1-3, the result was the same in

Figure 4.20. However, when considering only batches 3-5 (where the “High Mg” is highlighted
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in Figure 4.22), there was a big gap between batch 4 and 3. Also, the ranking gaps between
batches 3-5 were bigger than the ranking gaps between batches 1-3.

The XRD analyses for reduction of synthetic Mg-rich ilmenites, batches 2-5, are also given in
Figures 4.23-26, and the summary of these results are described in Table 4.1.

Batch 2. Mg-rich limenite (Re) (Coupled Two Theta/Theta)

2600

Batch 2 Mg-rich ilmenite (Re).brml
PDF 04-007-9753 Fe Iron, syn

1
1
2400 | PDF 00-006-0696 Fe Iron, syn
| PDF 00-021-1276 Ti O2 Rutile, syn
- | PDF 01-086-0148 Ti0.992 02 Rutile, syn
2200 | PDF 00-050-1517 Mg1.2 Ti1.8 O5 Magnesium Titanium Oxide
4 PDF 00-041-1444 (Mg Fe ) ( Ti3 Fe ) 010 Armalcolite, fertian, syn
1 | PDF 04-007-0441 Ti9 017 Titanium Oxide
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Figure 4.23 XRD analysis for synthetic Mg-rich ilmenite after reduction (Batch 2)
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Batch 3. Mg-rich limenite (Re) (Coupled Two Theta/Theta)
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Figure 4.24 XRD analysis for synthetic Mg-rich ilmenite after reduction (Batch 3)

Batch 4. Mg-rich Iimenite (Re) (Coupled Two Theta/Theta)
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Figure 4.25 XRD analysis for synthetic Mg-rich ilmenite after reduction (Batch 4)
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Figure 4.26 XRD analysis for synthetic Mg-rich ilmenite after reduction (Batch 5)

Table 4.1 Summary for reduction of batches 2-5

Batch Common Difference Mg Reductant

2 Iron Low Mg

0 0
Pseudobrookite 50% CO + 50% H:

3
Rutile 0 0
4 High Mg 25% CO + 75% H2
Mg, Ti oxide Species .
. No (Reduced) Rutile 100% Hs

Armalcolite No Pseudobrookite

The main phases from batch 2 were iron and rutile according to the XRD analysis in Figure
4.23. It showed an iron peak of references PDF 04-007-9753 and PDF 00-006-0696. For rutile,
there were peaks of references PDF 00-021-1276 and PDF 01-086-0148. A reduced rutile phase
(TigO17) was also seen with reference of PDF 04-007-0441. There were also detection of Mg, Ti
oxide specie and armalcolite with reference of PDF 00-050-1517 and PDF 00-041-1444,

respectively.
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The XRD analysis of batch 3 in Figure 4.24 showed similar results with batch 2. The main
phases were iron and rutile. Iron peak of references PDF 04-007-9753 and PDF 00-006-0696,
and rutile peaks of references PDF 00-021-1276 and PDF 01-086-0148 were detected. Also
peaks of pseudobrookite, Mg, Ti oxide specie and armalcolite were seen. The references of these
peaks were PDF 04-015-5398, PDF 00-050-1517 and PDF 00-035-0792, respectively.

Batch 4 in Figure 4.25 was similar with batches 2 and 3 but with more references of Mg, Ti
oxide species and armalcolite. References of iron peaks were PDF 00-003-1050, PDF 04-007-
9753 and PDF 00-006-0696, and references of rutile peaks were PDF 01-089-0554 and PDF 01-
089-0555. Also, an additional reduced rutile phase (TigO1s) was seen with the reference of PDF
04-007-0444. For the Mg, Ti oxide species, the references were PDF 00-050-1517, PDF 00-052-
0623 and PDF 00-052-0622. Armalcolite with references of PDF 00-035-0792 and PDF 00-041-
1444 were also included in the XRD analysis.

Batch 5 in Figure 4.26 showed a different result. It showed only iron, Mg, Ti oxide species and
armalcolite peaks but no detection of rutile or pseudobrookite peaks. The reference of iron peak
was PDF 00-003-1050, and the references of Mg, Ti oxide species peaks were PDF 00-050-1517,
PDF 00-052-0623 and PDF 00-052-0622. Armalcolite peaks had the reference PDF 00-035-0792.

Summarizing the XRD analyses from batches 2-5, the common phases detected were iron,
rutile, pseudobrookite, Mg, Ti oxide species and armalcolite. However, batch 5, which was
reduced with only hydrogen gas, showed no detection of rutile or reduced rutile (since the
conversion degree exceeded “1”) and pseudobrookite peaks in the XRD analysis.

The reduced synthetic Mg-rich ilmenite pellets (batches 2-5) were also mounted in epoxy
according to Figure 3.12 for EPMA analysis. The EPMA analysis for the reduced batch 2 and 5
are shown in Figure 4.27 and 28, respectively. They show a SEM image and element mappings
(Fe, O, Ti and Mg). The EPMA analyses for batches 3 and 4 were quite similar with batch 2 (See
Appendix G for EPMA analyses for batch 3 and 4).

The SEM images for reduced batch 2 and 5 showed two main phases of colors white and grey,
which were similar with reduced batch 1 in Figure 4.15. The black phases were also assumed to
be epoxy and internal voids.

For element mappings, iron mapping for both batch 2 and 5 was similar with the previous iron
mapping of reduced batch 1 in Figure 4.15. It also showed a mixed concentration of colors white,

purple, light blue and dark blue. Since the XRD analysis for both reduced batches 2 and 5 had
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detected iron as the dominating phase, the iron concentration of color white seems to be the basis
in both mappings where the other colors are rather homogeneously distributed. The oxygen
mappings for both batches showed very similar color concentration with the oxygen mapping in
reduced batch 1. Both batches 2 and 5 had a mixed light blue and dark blue color concentration.
The titanium mapping for batches 2 and 5 also had the similar results compared to the titanium
mapping of batch 1 in Figure 4.15. The dominating colors were white, red and yellow with red

more concentrated within the grains.
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Figure 4.27 SEM image and element mappings (Fe, O, Ti, Mg) of batch 2 after reduction
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Figure 4.28 SEM image and element mappings (Fe, O, Ti, Mg) of batch 5 after reduction
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Chapter 5 Discussion

The discussion part aims at the interpretation of the results from the previous chapter.
Interpretation of each experimental result (synthesis, oxidation and reduction) is asserted based
on the documentation from chapter 2, theory.

In the synthesis part, the meaning of successful ilmenite synthesis is explained along with the
porous structure of synthetic Mg-rich ilmenite, which was observed in this work. The oxidation
part focuses on the oxidation mechanism of ilmenite and how magnesium in ilmenite affects it.
The Fe, Ti, Mg and O quaternary system from chapter 2 is also mentioned to describe the
comparison of the oxidation path between synthetic ilmenite and Mg-rich ilmenite. The
reduction part mainly consists the interpretation of the conversion curve of each batch and the
influence of magnesium and hydrogen gas in gaseous reduction of synthetic Mg-rich ilmenite.
Also, the comparison of the reduction behavior between natural ilmenite and synthetic ilmenite is
described to conclude the impact of magnesium in ilmenite pre-reduction. In addition, possible
future works considering kinetic modeling and surface characteristics of ilmenite reduction are

briefly introduced as further objectives.
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5.1 Synthesis

5.1.1 Meaning and possibilities of synthetic ilmenite ore

The successful synthesis of ilmenite ores (bulk in Figure 4.1 and 4.3) in this work has an
appealing fact that they are relatively very pure compared to natural ilmenite ores. This
advantage can open many opportunities where impurity elements in question can be added. It can
use to isolate of the impact of a single impurity element by applying controlled amount into the
synthesis, or even adding multiple impurity elements to see how they influence each other in the
ilmenite host during gaseous reduction. Magnesium was the impurity element added into pure
ilmenite in this work, and the impact of magnesium in ilmenite during gaseous reduction was
clearly observed due to the pureness of synthesized ilmenite. More details of magnesium in
synthetic ilmenite reduction are described in Section 5.3. The results of synthetic ilmenite
experiments can be considered well founded compared to the obscure indications of natural

ilmenite experiments, which has various impurities with different amounts.

5.1.2 Porous structure of synthetic Mg-rich ilmenite

The cross-section of the synthetic Mg-rich ilmenite bulks (batches 2-5) showed a porous
structure compared to the dense structure of synthetic ilmenite (batch 1). This comparison can be
easily seen between Figures 4.1 and 4.3. There are three assertions, which can be thought to
explain the porous structure of the synthesized Mg-rich ilmenite bulk.

First, the different lattice parameters between ilmenite and geikielite (the partially replaced
ilmenite by magnesium in the ilmenite crystal structure, -MgTiO3) can give an explanation for
the porous structure of synthetic Mg-rich ilmenites. The lattice parameters and ideal cell volume
of ilmenite and geikielite were mentioned previously in chapter 2: the lattice parameters were a =
5.088 A, c=14.092 A for ilmenite and a =5.086 A, c = 14.093 A for geikielite. The ideal cell
volume was 315.839 A2 and 315.573 A2 for ilmenite and geikielite, respectively. The porous
structure in the synthetized Mg-rich ilmenite bulk can be created due to the difference in the cell
volume. However, this is a poor assertion since the difference of lattice parameters and cell

volume were insignificant to create a porous structure visible to a naked eye. Also, the pores
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observed were more concentrated near the rear and bottom edges of the bulk. This indicates that
the generated pores have close relation with temperature difference because the copper crucible
used for the synthesis was a water-cooled system (see Section 3.1.3).

Second, the porous structure could have been created due to the leftover moisture in the raw
materials or boron nitride coating. For example, raw material such as magnesium oxide (MgO)
easily absorbs moisture when exposed at air in room temperature (explained in Section 3.1.3).
Incompletely dried boron nitride coating on the crucible walls can also contain moisture. These
moisture cause expansion during the cooling of the synthesis and can create pores in the
synthesized material. However, this is also a weak assertion. During the high temperature
synthesis, there were no observations of liquid melt splashing, which are caused by the extreme
volume expansion of moisture. The possibility of leftover moisture in the cooling of the melt is
very unlikely to be found if there was no liquid melt splashing during the high temperature melt.
Also, the magnesium oxide used was examined for absorbed moisture before the high
temperature synthesis to prevent lethal accidents, and the boron nitride coating was dried more
than three days before use.

Third, the density change of the liquid melt due to the slow cooling method could have been a
possibility to create pores in the synthetic Mg-rich ilmenite bulk. The copper crucible used was
an internal water-cooled container, and the liquid melt in the crucible is cooled instantly when
killing the power supply. For example, synthetic ilmenite (batch 1) was cooled rapidly after
killing the power supply and its cross-section showed a dense homogeneous oxide structure.
However, for synthetic Mg-rich ilmenites, slow cooling was done so that the rear and bottom
edges of the melt solidify first. Since the density of the melt depends on the temperature, there
could have been a possibility of separation between solid and fluid, which could have generated
the pores. The density-temperature relation of liquid oxides is a complicated concept but the
general idea is that density decreases with increasing temperature (exception such as water or

silicon at low temperature):
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Where P = pressure, V = volume, n = mole, R = ideal gas constant, T = absolute temperature, p =
density, m = mass and M = molar mass.

This is an affirmative assertion because the pores observed in Figure 4.3 were rather
concentrated on the rear and bottom edges than the upper edge where the temperature cooling
was the slowest.

Of course, there can be other explanations of the porous structure of synthetic Mg-rich
ilmenite and an integrated theory should be considered. Nevertheless, among the three assertions
above, the pore generation due to the separation of solid and fluid from density-temperature

relation seems the most convictive explanation.
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5.2 Oxidation

5.2.1 Homogeneous distribution of iron

The homogeneous distribution of iron during oxidation of ilmenite was observed in both
synthetic ilmenite and Mg-rich ilmenite samples. The iron mappings of the EPMA results in
Figures 4.9, 4.12 and 4.13 show a homogeneous iron concentration of colors yellow and green
within the pellet. Also, when considering the grains, the concentration of iron was higher at the
grain boundaries, which showed a concentration of color red. This suggests that the iron is more
mobile towards the grain boundaries or interface layers where it is oxidized. Figure 2.7 in
Section 2.3.2 shows the appropriate illustration of this mechanism. At the grain boundaries or
interface layers, it seems that the crystal lattices of rutile, hematite and pseudorutile disintegrate
and form the new phase, ferric (Fe*) pseudobrookite. This is in a good agreement since the main
stable phase at the oxidation temperature of more than 800 C was ferric pseudobrookite, which
was previously mentioned in chapter 2. The XRD analysis in Figure 4.6, which shows only

pseudobrookite and rutile peaks, also supports the tentative mechanism illustrated in Figure 2.7.

5.2.2 Phases after oxidation of synthetic ilmenite and Mg-rich ilmenite

The impurity, magnesium, during ilmenite oxidation tends to form other phases besides ferric
(Fe**) pseudobrookite and rutile. The other phases are magnesium dititanate (MgTi>Os) and
hematite (Fe203), which were observed in Figures 4.10 and 4.11.

The theoretical phases after oxidation of ilmenite (T > 8007C) are only ferric pseudobrookite
and rutile as mentioned in Section 2.3.2. The oxidation of synthetic ilmenite (batch 1) in this
work follows the theory where the oxidation results were only ferric pseudobrookite and rutile.
However, when Mg-rich ilmenites (batches 2-5) were oxidized, they gave additional phases such
as magnesium dititanate and hematite. According to the quaternary and ternary phase diagram in
Figures 2.8 and 2.9, magnesium dititanate was expected after the oxidation of synthetic Mg-rich
ilmenites but not hematite. The detection of hematite indicates that ferrous iron (Fe*) in ilmenite
has not completely all oxidized into ferric pseudobrookite but into other ferric oxides such as

hematite.
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The formation of hematite seems to be from the lack of pseudobrookite-type formation for
iron because of magnesium. As the ionic radius of magnesium was similar with iron (Section
2.1.2), magnesium also tends to form the thermodynamically stable pseudobrookite-type phase
such as magnesium dititanate at a relatively high temperature (T > 800C). The formation rate of
magnesium dititanate is assumed to be more faster than the formation rate of ferric
pseudobrookite because the specific gravity of magnesium is approximately 4.5 times lighter
than iron (Section 2.1.2). Before all iron in ilmenite oxidized into ferric pseudobrookite,
magnesium is likely to be stabilized first into a pseudobrookite-type form by forming magnesium
dititanate. Then the leftover iron, which could not form pseudobrookite, oxidizes into the next
stable phase, hematite. The following Figure 5.1 describes the reason for hematite formation in
synthetic Mg-rich ilmenite oxidation. The parentheses in the figure are the amount of iron in
ilmenite before and after oxidation, and the numbers are examples. The exact amount was not

known in this work.

Synthetic Synthetic
ilmenite Mg-rich ilmenite
Before Fe2*TiO, (Fe**, Mg*)TiO,
Oxidation (102 %) (103 %)
Formation into :
Pseudobrookite-type (% ): Amount of Iron
(T>800 °C) :
¥ ¥ ¥ 3
After Fe3*,TiOs Mg*Ti,0; Fe3*,TiO; Fe¥,0,
Oxidation (100 %) (80 %) (20 %)

Iron is partially oxidized
into “Hematite” due to
Mg stabilization

Iron is oxidized
into “Pseudobrookite”

Figure 5.1 Illustration of synthetic ilmenite and Mg-rich ilmenite oxidation
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Assuming the hematite formation due to magnesium, the oxidation paths, A and B, in Figures
2.8 and 2.9 should now consider the results from Figure 5.1. While path A, which is the
oxidation of synthetic ilmenite, shares no argument, path B should have an auxiliary path to
explain the unexpected hematite formation. Figures 5.2 and 5.3 shows the suggested revision of
Figures 2.8 and 2.9. The added auxiliary path, B2, is assumed to be on the right side of the main
path, B1, following the ratio, Mg/Ti = 0.2. This is only alleged considering the constant Mg/Ti
ratio and the small amount of hematite. The accurate revision should require additional

theoretical work and experiments.
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Figure 5.3 The suggested revision of Figure 2.9
5.3 Reduction

5.3.1 Comparison between natural ilmenite and synthetic ilmenite gaseous

reduction

The comparison of gaseous reduction between natural ilmenite and synthetic ilmenite shares
clear indications of how an impurity behaves in the ilmenite host. The indications from natural
ilmenite experiments were ambiguous due to complicated relations of various kinds of impurities
with different amounts. Previously, there were some suggestion of how an impurity behaves in
the ilmenite host during gaseous reduction and affects the reduction rate, but not conclusive.

However, the results from synthetic ilmenite experiments were much more convincing due to
its relatively high purity. Synthesized ilmenite ores were oxidized and reduced with controlled
amount of impurity in this work. With no other foreign elements affecting, the behavior of the
impurity in question in ilmenite reduction was very clear. It was not only the impact of the

impurity itself, but also the results from different amount of impurity and reductant gases were
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comprehensible. For example, batches 1-3 had different amount of magnesium but were reduced
with 50% CO + 50% H> in this work. Batches 3-5 had the same amount of magnesium but were
reduced with different percentage of hydrogen gas. The results from these experiments were
clear enough to give an idea of how magnesium and hydrogen gas influences the reduction rate

during gaseous reduction of ilmenite.

5.3.2 The impact of Mg and Hz gas in ilmenite reduction

The magnesium in ilmenite as impurity clearly hinders the reduction rate in ilmenite reduction.
The increasing amount of magnesium in ilmenite had gave lower conversion degree for ilmenite
reduction and was well observed with batches 1-3 in Figures 4.20 and 4.22. Without other
foreign impurities interfering, the fact that increasing amount of magnesium in ilmenite giving
lower conversion degree clearly indicates that magnesium had hindered the reduction rate in
ilmenite reduction. For example, the different slopes of conversion degrees in Figures 4.20 and
4.22 show the different reduction rates according to the amount of magnesium in ilmenite. The
first rapidly increasing slopes of bathes 1-3 between 0 to approximately 0.1 hour were the
expected first stage iron reduction (ferric, Fe®* to ferrous, Fe?*) from Section 2.4.2. The curves
from these slopes were similar and had no significant difference in the conversion degree.
However, the slopes start to change after approximately 0.1 hour where the expected second
stage of iron reduction (ferrous, Fe?* to metallic, Fe) begins, and they increased slowly according
to the magnesium amount in ilmenite. The slope of each conversion curve was lower with
increasing amount of magnesium.

Since the final phases detected after reduction were Mg, Ti oxide species and armalcolite
((Fe,MQ@)Ti20s) besides metallic iron and rutile for batches 2 (low Mg) and 3-5 (high Mg), it is
assumed that the iron oxide reduction in ilmenite is being hindered by armalcolite formation due
to magnesium. The armalcolite phase still carries the iron oxides even after the slopes of
conversion curves become parallel, and this is in a good agreement because the conversion
degrees were below “1” for batches 2-4. The exact amount of armalcolite in batches 2-4 were not
known but it is assumed that more amount of armalcolite was formed with increasing amount of
magnesium in ilmenite. This assumption is also in a good agreement because the conversion

degree was lower with increasing amount of magnesium in ilmenite.
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In addition, the minor decrease of conversion degree in batches 1-3 indicates mass gain after
peak conversion since the conversion degree was calculated based on the mass loss of each batch.
The carbon deposition from the Boudouard Reaction (Reaction 10 in Section 2.4.1) seems to
explain the mass gain of batches 1-3 because the reductant gas had considerable amount of CO
gas (50% CO + 50% H). The CO gas initially tackles the iron oxides in ilmenite and produces
CO- gas. After the conversion degree stops increasing, which further reduction is hindered by
magnesium, the amount of CO gas reducing the iron oxides becomes less. Then the partial
pressure of CO gas increases while the partial pressure of CO2 gas decreases inside the crucible.
According to the Boudouard reaction, the CO gas formation side at higher temperatures
(reduction temperature: 1000 C) is more favorable. However, carbon deposition had occurred,
and it is thought to be from the high CO gas concentration. Most of the deposited carbon was
found near the top part of the crucible wall near the radiation sheets (Figure 3.11), and the top
part of the crucible is assumed to have relatively lower temperature than the lower part of the
crucible where the pellets are being reduced. To support this assumption, traces of carbon
elements were not found within the pellets or the surfaces of pellets. Nevertheless, additional
work should be required before a complete understanding of carbon deposition in ilmenite
reduction.

The use of hydrogen as additional reductant gas in ilmenite reduction clearly enhanced the
reduction rate. The more amount of hydrogen used for the reductant gas showed higher
conversion degree in ilmenite reduction as it was seen with batches 4 and 5 in Figures 4.21 and
4.22. Batch 4, which was a 25 percent increase of hydrogen amount from batch 3, showed a
conversion degree close to “1”, and batch 5, which was reduced with only hydrogen gas, showed
a conversion degree near to “1.2” after 4.0 hour. The relatively high conversion degree of
batches 4 and 5 compared to batch 3 indicates hydrogen gas has clearly enhanced the reduction
rate of ilmenite.

The combined impact of magnesium and hydrogen gas in ilmenite reduction should also be
mentioned to interpret the results in batch 5. The XRD result of batch 5 in Figure 4.26 shows
phases of metallic iron, Mg, Ti oxide species and armalcolite but not rutile or reduced rutile.
According to Figure 4.19, the conversion degree of batch 5 after 4.0 hour was exceeding “17,
which indicates that all iron oxides have been reduced and oxygen was being removed from

rutile. However, Figure 4.26 shows no indication of rutile or reduced rutile. Also the presence of
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armalcolite indicates unreduced iron oxides are still incorporated in the armalcolite phase. There
can be two assumptions to explain these indications.

First, as it was anticipated in Section 2.4.4, magnesium as impurity in ilmenite seems to
immediately stabilized the reduced rutile species after they are produced. For impurity-free
ilmenite, the theoretical phases are metallic iron, rutile and reduced rutile species above the
conversion degree of “1”. However, for Mg-rich ilmenite (batch 5), only phases of metallic iron,
Mg, Ti oxides species and armalcolite were observed above the conversion degree of “1”. The
absence of rutile or reduced rutile species indicates magnesium had possibly stabilized the
thermodynamically less stable reduced rutile species by forming Mg, Ti oxides species or
armalcolite. The standard Gibbs energy data of MgTiOz and TiO> reduction by H> gas in Figure
2.11 gives a hint to this possibility, and the fact that pure synthetic Mg-rich ilmenite used in this
work supports the first assumption. Figure 5.4 shows the illustration of the first assumption
explained above. Hydrogen reduction of synthetic ilmenite is added in the illustration for
comparison with synthetic Mg-rich ilmenite (batch5), and “X” are the values found in the XRD

results for Mg-rich ilmenites (batches 2-5).

Iron oxide Rutile
Conversion 0 reduction 1 reduction
degree ' : .
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irmenite i Fe3',Ti0, *—> Fe®Ti0, *—> Fe+TiO, Sr—— TiOz_y
100% H, Reduction ' X=1,1.051131.2 :
i Y=0~05 :
(T = 1000 °C) TiO,
: : L
: . . i k"
. i Fe?*TiO, Fe+TiO, )
Synthetic ‘B3t TiO. —> — ——> Ti0 (Mg)
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v
ngTi3-x05
Rutile or reduced rutile
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oxides until the conversion degree of “1” due to stabilization of Mg

for synthetic Mg-rich ilmenite

Figure 5.4 lllustration of synthetic Mg-rich ilmenite (batch 5) reduction result
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Second, the iron oxides are assumed to be incompletely reduced even after the conversion
degree exceeds “1” due to formation of armalcolite. Below the conversion degree of “1”, the
pseudobrookite or armalcolite phase can explain the unreduced iron oxides in ilmenite.
Pseudobrookite is the unreduced version of ilmenite and armalcolite still contains iron oxides,
which are incorporated within. This can be seen clearly in the XRD results of batches 2-4,
Figures 4.23-25. However, the conversion degree was above “1” when the reduction of batch 5
was finished and it showed armalcolite phase. This means there were still iron oxides
incorporated within armalcolite after the conversion degree exceeded “1”. It can be thought that
magnesium had strongly hindered the iron oxide reduction by capturing them in the armalcolite
phase, and the assumptions, which were used to calculate the conversion degree of ilmenite
reduction, should be revised.

It is necessary to revise the assumptions of conversion degree calculation for ilmenite
reduction. One of the initial assumptions, which were explained in Section 3.3.1, was that rutile
during reduction is assumed to be inert so that only iron oxide reduction is in progress until the
conversion degree of “1”. After the conversion degree of “1”, all the iron oxides has been
reduced to metallic iron and oxygen is being removed from rutile. But to explain the presence of
armalcolite (which incorporates iron oxides) above the conversion degree of “1” in batch 5, the
assumption that rutile is considered to be inert until the conversion degree of “1” needs to be
reconsidered. One suggestion is that the reduction of phases in ilmenite is thought to be
spontaneous throughout the whole time rather than in distinct stages. The reduction of rutile
seems to start not after all the iron has been reduced but at the same time when the two iron
oxide reduction stages begins. The reduction of phases can seem separated only because of their
different rate of reduction. During the first two iron oxide reduction stages, the reduction rate of
iron oxide is relatively much more dominate than the reduction rate of rutile so that rutile
reduction does not seems to occur. To support this revised assumption, reduced rutile was
actually observed before the conversion degree reached “1”. The XRD result of batches 2 and 4
in Figures 4.23 and 4.25 showed small peaks of reduced rutile species, TigO17 and TigOzs.
Figure 5.5 illustrates the revised assumption for conversion degree and explains the presence of
reduced rutile and armalcolite (which incorporates iron oxides) before and after the conversion
degree of “1”, respectively. The magnitude of each reduction rate is loosely based on the slopes

in the conversion degree curves.
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Figure 5.5 Illustration of ilmenite reduction with revised assumption for conversion degree

5.4 Future work

5.4.1 Necessary of future work

Although the main objective, which was to isolate the impact of impurity (Mg) in ilmenite
reduction, was achieved in this thesis work, additional experimental and theoretical work is
necessary to support documentation. For example, further examination on the surface of reduced
ilmenite pellets can share different surface properties according to experiment conditions. Also,
ilmenite reduction with different reduction time can share certain data, which can be useful for
kinetic modeling of ilmenite reduction. These two examples of further work will only be briefly

introduced in this section.
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5.4.2 Surface properties of reduced ilmenite pellets

Examining the surface properties of reduced ilmenite pellets can share how different
experimental conditions influence the iron oxide reduction in ilmenite. Since the conversion
degree for each batch in this work was different due to the magnesium amount and gas
composition, it is easy to see that iron oxides reduce to metallic iron with different rate. This rate
can determine the surface properties of ilmenite pellets, and the amount of impurity (magnesium)
and gas composition possibly controls it.

To support this need of additional work, an experiment of DRI (Direct Reduced Iron)
production in a fluidized bed can be related [54]. Figure 5.6 describes the structural change of an

iron ore particle during reduction with reductant gases.

FeO +H2=FC+H20\‘
FeO &
Fe; O3 +Hy(CO)=2FeO-+H,0(CO5) oo ‘
FeO +H(COP-FerH:0(COI~ & | ¢

e‘ P
Channel FeO Fe Fe
pure H, Or cohesive particle cohesive particle

T CO i ‘ ( FeO +H,(CO)=Fe+H,0(CO,)
%
s,

FeO +H,(CO)=Fe+H,0(CO,) 2C0=CO,+C
FCzO; FeO-Fe

2CO=CO,+C
noncohesive particle

‘ia~ Fe  FeO 4

FeO-Fe- C FeO-Fe-C | Fe-C

noncohesive particle = noncohesive particle
Step (1) : T < 600-675 °C Step (2): T > 800 °C

Figure 5.6 Diagrammatic sketches of the structure change of an iron ore particle
during reduction by (a) Hz2 and (b) H2-CO mixture [54]

Iron ore particles in Step (1) are reduced with pure Hz gas (a) or a mixture of H>-CO gas (b).
The structure of iron ore particles behave differently according to each reduction, and the
reduction results are illustrated in Step (2). When iron ore particles were reduced with pure H»
gas, iron oxide reduction was the only dominating reaction. It gave a cohesive surface property
and eventually de-fluidization had occurred in the fluidized bed furnace. However, unlike the
results with pure Hz gas (a), when iron ore particles were reduced with a mixture of H,-CO gas

94



(b), carbon deposition on the particles was also among the reactions. It had formed noncohesive
carbon shell on the particles, which prevented de-fluidization in the fluidized bed furnace [54].
Although traces of carbon were not found with ilmenite pellets when reducing with a mixture
of 50% CO + 50% H: in this thesis work, examining the surface structures of reduced ilmenite
pellets can reveal how impurity (magnesium) or different reductant gas composition affects the

surface properties and further reduction rate of ilmenite.

5.4.3 Kinetic modeling of ilmenite reduction

An additional work considering kinetics can also be done to complete the impact of impurity
(magnesium) and hydrogen gas in ilmenite reduction. The EPMA images from chapter 4 were
from relatively prolonged reduction time, where reductant gases had reached the pellet core.
These images share less kinetic data such as layer boundaries showing reduction progress.
However, Figure 5.7 shows the image of synthetic ilmenite reduction for relatively short
reduction time [55]. From the iron and oxygen mapping, layers with different colors can be seen.
These different layers indicate how far the reductant gases had progressed in ilmenite reduction.
The radius from the cord to each layer can be measured, and relation with other variables such as
time, temperature, Mg amount, gas composition, grain size, etc. can be served as raw data for

building an accurate SCM (Shrinking Core Model) for ilmenite reduction:

f(@®) =g@R)-h(T) k(Mg) - z(etc.)

where t =time, R = layer radius, T = temperature, Mg = Mg amount and etc. = other variables.
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Figure 5.7 SEM image and element mappings (Fe, O, Ti) of synthetic ilmenite after reduction (50% CO + 50% H2 / 34 min) [55]
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Figure 5.8 Electric circuit analogy for iron ore shrinking core model [56]

Currently, Lobo is developing a model for pre-reduction of ilmenite with natural gas based on
Kolbeinsen’s “Electrical Circuit Analogy For Iron Ore Shrinking Core Model” [22, 56]. The
electrical circuit analogy uses the shrinking core model as a basis. Figure 5.8 shows the
electrical circuit for iron ore shrinking core model. Each controlling step is a resistance, and
diffusion (both gas film and solid product layer) and chemical reactions are resistant to the
current (current is the flow of oxygen in the circuit). By using these methods from electrical
circuit analysis, the model can be solved with oxygen flow acting similarly to current and Gibbs
energy providing a driving force.

In case of ilmenite, the reduction generally only takes into account the reduction of the iron
oxides when rutile is assumed to be inert until the conversion degree of “1”. However, rutile
have shown to be reduced before and after the conversion degree of “1” in this work, and
challenges in the future work will be to incorporate the effects of rutile into the shrinking core

model for ilmenite reduction.

97



Chapter 6 Conclusion

The final chapter summarizes the experimental work and discussion of magnesium in ilmenite.

Key points from each synthesis, oxidation and reduction are briefly described in bulleted list.

6.1

6.2

Synthesis

Synthetic ilmenite and Mg-rich ilmenite were successfully made in a laboratory scale
by using a CCIF (Cold Crucible Induction Furnace) in Ar atmosphere.

The synthesis of FeTiOs-MgTiOs (M203) solid solution was possible without having
the FeTi20s-MgTi20s (M3Os) solid solution by slow cooling method.

The porous structure of synthetic Mg-rich ilmenite seems to be formed from the
temperature difference when slow cooling, which caused density difference between
the rear and center part of the melt.

Precautions considering liquid melt splashing during the high temperature synthesis
were studied: moisture absorbed raw material (MgO), briquetting powder raw

materials and raw material packing in crucible.

Oxidation

Oxidation of synthetic ilmenite and Mg-rich ilmenite pellets were oxidized in a
muffle furnace at 1000C for 2 hours.

The Fe-Ti-Mg-O quaternary system was useful for predicting the phases after
oxidation of synthetic ilmenite and Mg-rich ilmenite.

Homogeneous distribution of iron in ilmenite during oxidation was confirmed by the
iron mapping in EPMA results.

While synthetic ilmenite follows the expected oxidation path in the Fe-Ti-Mg-O
quaternary system, synthetic Mg-rich ilmenite showed an additional phase, hematite,
besides the expected oxidation path.

Mg as impurity in ilmenite tends to hinder the pseudobrookite-type formation of

ilmenite when oxidized at 1000 C by forming magnesium dititanate (Mg?*Ti2Os).
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6.3

Reduction

The TGA (Thermo-Gravimetric Analyzer) vertical retort furnace was used for the
reduction. Synthetic ilmenite and Mg-rich ilmenite pellets were reduced with a
mixture of CO + H> gas for 4 hours at 1000 C.

Magnesium as impurity in ilmenite clearly hindered the reduction rate: increasing
amount of magnesium in ilmenite gave lower conversion degree.

The addition of hydrogen gas in ilmenite reduction clearly enhanced the reduction
rate: more percentage of hydrogen in reductant gas gave higher conversion degree.
The carbon deposition from the Boudouard reaction is thought to be the reason for
mass gain during the reduction for 50% CO + 50% H2 gas composition.

When Mg-rich ilmenite was reduced with only hydrogen gas, rutile or reduced rutile
species were not detected after the conversion degree had exceeded “1”. Magnesium
is thought to immediately stabilize the reduced rutile species by forming Mg, Ti oxide
species or armalcolite.

Armalcolite incorporates the iron oxides, and the presence of armalcolite after the
conversion degree of “1” indicates revision of the assumptions used for conversion
degree calculation. Also, the presence of reduced rutile species before the conversion
degree of “1” indicates that phases in ilmenite reacts spontaneously throughout the
reduction rather than separated steps.

Future work considering the surface properties of ilmenite pellets and Kkinetic
modeling can be done as additional work for supporting evidence of magnesium

impact in ilmenite.
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Appendices
Appendix A: Calculations of batches 1-5

MgO

. 900 °C
Fe/Ti = 0.80

Mg/Ti = 0.20
Mg/Fe = 0.25

Fe/Ti = 0.94
Mg/Ti = 0.06
Mg/Fe = 0.06

4 Fe + % Fe,0, Fe,TiO, FeTiO; " FeTi,0;

Material g/mol
Fe 55.85
Fe20s3 159.70
TiO2 79.88
MgO 40.31
Batch Symbol

1 @
2 []

4 A
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Batch 1: Synthetic ilmenite (No Mg) @

FeTiO,

FeO (= Y%Fe203 + YFe) TiO2 MgO
mol 1.98 (= 0.66 x 3) 1.98 -
mol ST - -0 -0 -
% FeO : TiO2:MgO=50:50:0
Ratio Fe/Ti=1
Fe203 TiO2 Fe MgO Total
mol 0.66 1.98 0.66 -
g 105.25 157.95 36.80 - 300.00
Batch 2: Synthetic Mg-rich ilmenite (Low Mg) [l
o
o
FeTiO,
FeO (= "5Fe20s3 + YiFe) TiO2 MgO
mol 1.88 (=0.63 x 3) 2.00 0.12
mol CTiA). - — 27 -0 -
% FeO : TiO2:MgO =47:50: 3
Ratio Fe/Ti=0.94, Mg/Ti=0.06, Mg/Fe=0.06
Fe203 TiO2 Fe MgO Total
mol 0.63 2.00 0.63 0.12
g 100.61 159.76 35.19 4.84 300.40
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Batch 3-5: Synthetic Mg-rich ilmenite (High Mg) A

A
)
FeTiO,
FeO (= sFe20s3 + YiFe) TiO2 MgO
mol 1.68 (= 0.56 x 3) 2.10 0.42
mol CTiAL - — 40 - EQ -
% FeO : TiO2: MgO=40:50:10
Ratio Fe/Ti=0.80, Mg/ Ti=0.20, Mg/Fe=0.25
Fe203 TiO2 Fe MgO Total
mol 0.56 2.10 0.56 0.42
g 89.43 167.75 31.28 16.93 305.39
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Appendix B: Procedure of CCIF.
Spectro-pyrometer.
Procedure of TGA vertical retort furnace.

B.1 Procedure of Cold Crucible Induction Furnace (CCIF)

The CCIF used for the synthesis in this study is the property of the Department of Material
Science and Engineering (DMSE), NTNU.

1. Fill up the crucible. Make sure that the boron nitride (BN) coating is completely dried.
Leftover moisture is likely to give splashing of the melt during the high temperature
synthesis (Figure B.1). Also, check if the materials are completely moisture-free.

Figure B.1 Protection glass after splashing of the melt: rear view (left) and top view (right)

2. Push up the external glass tube through the induction coil and place the crucible on the
platform. Cover the protection sheet around the crucible and cover the protection sheet
with the external glass by lowering it. Make sure no obstacles are between the external
glass and the platform.

3. Input the two internal protection glasses by inserting them from above the induction coil.

4. Cover the external glass with the protection sheet.

5. Plug the water tubes to the crucible. Then, use the crank until the external glass touches
the top. The string press should be approximately 5mm. Be careful not to exceed this

value, or otherwise the spring will be damaged.
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6. Position the pyro-spectrometer. Use the LASER ON / OFF function on the software for
aiming. You can see the aim of the laser through the mirror, which is placed on the top of
the furnace. Aim the laser so that it is aimed at the center of the crucible top (center of the
material mixture).

7. Close the furnace cage. Make sure to close the cage properly by using the two clips at
each end. The right clip is also an emergency stop sensor, and the furnace will not work if
the clips are not properly closed.

8. Open the ventilation. The ventilation can be found on the left-top of the furnace.

Ball regulator (K)

Figure B.2 Pressure board (left) and output/pump circuit (right)

9. Turn on the “INSTR” (A) and “DRUCK?” (B) button on the pressure board. The “INSTR”
button will turn on the pressure board, and the “DRUCK” button will enable the display of
the pressure (C) inside the crucible. The pressure should be around 1000-1200 mbar.

10. Open the pump circuit (F), and close output circuit (G). The circuit is open if you see red.

11. Push “Rotasjon pump” (D) on and the pressure inside the crucible will start to decrease.
When the pressure decreases to approximately 6-10 mbar, close the pump circuit (F) and

stop the pump.
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12.
13.

14.
15.

Figure B.3 Ar tank (left) and ball regulator (right)

Check the Ar gas in the tank. See if the white regulator (I) is closed.

Open the black regulator (H) on the top of the Ar tank to allow gas to enter the
decompression chamber. Be careful not to stand in front of the white regulator (I).

Open the white regulator (I). Open the small output regulator (J).

Open the ball regulator (K), which is above on the pressure board. Adjust the flow to 70.
The Ar gas is being inserted into the vacuumed crucible. The pressure on the display will
increase. When the pressure is approximately 900 mbar, open the output circuit (G). Do
not exceed 1000 mbar when the output circuit is closed because the protection glass will
break from over pressure. After opening the output circuit, the pressure should be around
1000 mbar as before. Check again if the Ar flow is 70 on the ball regulator (K).
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Figure B.4 Water supply switch (left) and cooling circuits (right)

16. Open the water circuit by turning the blue switch (L), which is on the left side of the Ar
tank.

17. The cooling circuits can be found on the right side of the Ar tank. To open the cooling
circuits, first turn “Retur” (M) and then turn “Tur” (N). Make sure to do follow this order
or else there will be overpressures in the water circuits. Check the floor and see that water
flows through the water tunnel. If confirmed, water is constantly going through the copper

crucible.

Figure B.5 CCIF controller
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18.

19.

20.

21.
22.
23.
24,

25.
26.
27.
28.

29.
30.
31.
32.
33.
34.

35.

36.

37.
38.

To supply power, turn the key to “2” on the electric desk. The electric disk is near the
corner of the walls in front of the furnace.

Turn the switch to “1” on the furnace. The switch can be found on the right side of the
furnace.

Press the “PUMP ON” (O) button on the control board and then press the “START” (P)
button.

Check that the power knob (Q) is indicating 0.

Wait 5 minutes. The furnace is warming up.

Press the “RE ON” (R) button to apply power. Wait 1 minute.

Increase the power by turning the power knob (Q) to the desired level. Warning! Do not
overreach 1.8 V on the GRID.

To shut down, press “RF OFF” (S) and “STOP” (T).

Wait until the crucible cools down. It takes approximately 30 minutes to cool down.

After 30 minutes, push the “PUMP OFF” (U).

Shut the furnace down by turning off the main button (right side of furnace). Then turn the
electric disk to 0.

Close the Ar gas. First, turn off the black regulator (H). Wait until the barometer goes to 0.
Next, close the white regulator (I). Wait until the barometer stops decreasing.

Close the small output regulator (J).

Close the ball regulator (K).

Close the ventilation on the left-top of the furnace.

To close the water circuits, first turn “Tur” (N), then “Retur” (M) for avoiding
overpressures in the water circuits. Turn off the blue switch (L) to shut off the water
supply.

Open the cage. Lower the crucible by using a crank and unplug the water tubes. Use a
plastic bottle to collect the leftover water in the crucible.

Remove the internal protection glasses. The glasses might still be hot: use gloves to
remove them.

Remove the external glass and protection sheets. Retrieve the crucible.

Turn the crucible upside down and use a rubber hammer to apply force. Do not use a
metal object to apply force to the crucible. It can damage the water pipes inside the

crucible.
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B.2 Spectro-pyrometer [10]

The equipment for measuring the temperature during the experiments in the cold crucible
induction furnace is a FAR Associates spectropyrometer of the type FMP 2. This
spectropyrometer measures on 500 wavelengths and thus calculates and corrects for the
emissivity of the specimen. From the spectropyrometer the central temperature is logged along
with the tolerance (standard deviation) of the measurement and the signal strength. The tolerance
is the standard deviation calculated from the 500 measured temperatures. The signal strength is
equal to the emissivity under ideal conditions, i.e. the area in focus must be filled, and there must
be no attenuation and clean optics. The range of the pyrometer is from 800 to 2500 C with an
accuracy of £ 0.25 to 0.75 % on non grey targets. Automatic compensation for absorption or
emission from the off-gas is also included. The log rate of the pyrometer can be set at given
intervals or whenever the pyrometer has enough information for an accurate reading. It is this
last log rate, which corresponds to a log interval of about 5 readings per second during the
holding time. The log interval will decrease as the temperature is lowered due to less thermal
radiation. It should also be noted that the temperature measurement is not coupled to the furnace
power setting. For further information about the spectropyrometer the reader is referred to the
FAR Associates website (www.pyrometry.com) or publications such as “Pyrometry for Liquid
Metals” by Felice [57].

B.3 Procedure of TGA vertical retort furnace

The TGA vertical retort furnace used for the reduction of synthetic ilmenite pellets in this
thesis is the property of the Department of Material Science and Engineering (DMSE), NTNU.
Contact Edith Thomassen (SINTEF) for proper training and technical support.

1. Prepare the sample. It’s usually good to use a container approximately the same diameter
of the crucible (a 100ml beaker is a good example). Use a scale to measure the weight of
the sample. Then, measure the height of your sample in the container. This is to set the
thermocouple in the center of your sample (procedure 7).

2. If the crucible is clean enough, turn on the software and weigh the crucible on the mass

balance before loading the sample. The crucible should be closed with its top (remember
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how many bolts used for sealing the top). Tare the balance at the top of the furnace. The

mass of the empty crucible is displayed on the computer screen. Record the mass on the

log book.

Figure B.6 TGA vertical retort furnace crucible components (left) & crucible top (right)

3. Take down the crucible and open the seal. Place the porous holder (C) inside the crucible
(see that the holder is not upside down by using a flashlight).

4. Put the thermocouple sheath (A) into the crucible. Use a flashlight so that the
thermocouple sheath is placed in the middle of the porous holder (C) (use the middle
hole of the holder). Carefully pour your samples into the crucible (tilting the crucible as
pour the sample usually helps breakage of the sample and prevention of dust).

5. Carefully seal the crucible top. Make sure the graphite gasket (F) has no cracks or dust
particles (they can cause gas leakage). Also be careful not to damage the thermocouple
sheath (A) when sealing the crucible top.

6. Use the 6 bolts (D) to tightly seal the crucible top. Apply pressure of bolt equally on the
screws (H).

7. Place the thermocouple seal (E) carefully around the sheath (A) (the inner part of the
thermocouple seal is made of graphite). Before tightening the seal (E), pull up the sheath
(A) according to the half height of your sample, which was measured in procedure 1 (the

end of the sheath is now placed at the middle of the sample).
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8. Carefully insert the thermocouple (B) inside the sheath (A). Don’t insert the
thermocouple (B) by dropping it (the thermocouple can be fragile). Tightly seal the

thermocouple seal (E).

Figure B.7 TGA vertical retort furnace gas tubes (left) and crucible (right)

9. Hang up the crucible on the furnace. Use the hook (I). Ensure that the crucible is hanging
in such a way that when the tubes (,) are connected the clamps will have their adjustment
screws on the top and there will be no tension in the tubes. Connect the gas input (J) and
output tubes (K).

10. Connect the thermocouple plug (B’ + L). Check the temperature display on software to
see the thermocouple plug (L) is correctly connected (if not connected, the temperature
displays 999999999).

11. Turn on the “HEAT” and “POWER” dial on the controller. Turn on the dials on the
electrical box. Set the output control to 50% (this is approximately for 1000 C)

12. Make sure to run a leak test before the main experiment. During the leak test, use a
portable CO / Hz detector to see if any gas is leaking (check crucible top, tubes and other
places possible of leak). If gas leak is detected stop the leak test, wait until the crucible is
clean with Ar and start again from procedure 5. If gas leak is not detected, setup the

program for the main experiment.
116



13.

14.

15.

16.

After the setup, start the experiment. During the experiment, it is important to regularly
check for leaks and overpressures. Use the portable CO / H» detector to find any leaks,
and check the lab’s master alarm for gas leaks (the monitor can be found next to the door
outside). The software on the computer screen displays the pressure of the output gas.
This pressure should never exceed 5 bar otherwise there is risk of damaging the furnace
or having leaks.

When the experiment is completed, make sure to turn off all the gas tanks. Turn off the
“HEAT” dial, but leave the “POWER” dial on to allow for cooling. The dials on the
electrical box can also be turned off. Allow the crucible to cool before dismantling.

Once cooled, carefully disconnect the thermocouple plug (L). Then disconnect the gas
tubes (J, K) and unhook the crucible from the top of the balance. Put the crucible in a
holder so that it doesn’t falls down.

Carefully pull out the thermocouple (B), unseal the thermocouple seal (E), unseal the
crucible top and empty the sample. weigh the sample and record the mass on the log
book.
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Appendix C: Informal know-how for successful pelletizing

Successful pelletizing of powder material requires long time with patient. An informal

“Know-How” for successful pelletizing is described by using an analogy in this part.

In agriculture, a simple technique called “Pruning” is done to improve the quality of a crop.
Pruning involves the selective removal of parts of a plant, such as branches, buds, or roots.
Removing such parts of a plant is beneficial, because the nutrition can be focused to the desired
product part of a plant. For instance, pruning the measly product on the lower part of a plant will
make the nutrition to focus to the desired product on the upper part of a plant. An illustration of
pruning is shown in Figure C.1. (a) is the growth of products after no changes, and (b) is the

growth of products after pruning.

Produé' /S

. %), F \
> ,
Nutrition supply "”ibg : [ y

Figure C.1 A description of “Pruning”

ls
®

Pelletizing can be similar to pruning. Figure C.2 shows the powder particles being pelletized
in a pelletizing drum. The measly products, which are described in Figure C.1, are the powder
particles and the small pellets on the upper part of Figure C.2. The nutrition supply in Figure

C.1 can be water and input powder in Figure C.2. “Pruning” the powder particles (small pellets)
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by crushing them with an appropriate tool, such as a spachler, will hinder their growth. Then the
bigger pellets will have more chance to grow up into the desired size like in Figure C.1 (b). “Un-
pruning” the powder particles (small pellets) will likely to follow (a) in Figure C.1.

Therefore, the “Pruning” method can be used for successful pelletizing. This will allow the big

pellets grow into the desired size.

Powder

Figure C.2 Powder particles being pelletized

X 1 would like to thank my late grandfather whom | have cherished many memories

in his tomato garden. He taught me how to do “Pruning”.
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Appendix D: Temperature profiles for synthesis

The temperature profiles for batches 1-5 from the synthesis (Section 4.1.2) are shown in this

part. The comparison between all batches is also shown.

Batch 1: Synthetic ilmenite (No Mg, instant cooling after complete melt)

Synthetic ilmenite (Batch 1)
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Figure D.1 Temperature profile for batch 1 synthesis
Batch 2: Synthetic Mg-rich ilmenite (Low Mg, slow cooling after complete melt)

Synthetic Mg-rich ilmenite (Batch 2)
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Figure D.2 Temperature profile for batch 2 synthesis
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Batch 3: Synthetic Mg-rich ilmenite (High Mg, slow cooling after complete melt)

Synthetic Mg-rich ilmenite (Batch 3)
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Figure D.3 Temperature profile for batch 3 synthesis

Batch 4: Synthetic Mg-rich ilmenite (High Mg, slow cooling after complete melt)

Synthetic Mg-rich ilmenite (Batch 4)
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Figure D.4 Temperature profile for batch 4 synthesis
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Batch 5: Synthetic Mg-rich ilmenite (High Mg, slow cooling after complete melt)
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Synthetic Mg-rich ilmenite (Batch 5)

Figure D.5 Temperature profile for batch 5 synthesis

Comparison of all batches
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Figure D.6 Temperature profile for batches 1-5 synthesis
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Appendix E: XRD analyses

The rest of the XRD results for Mg-rich ilmenites (batches 3-5) from Section 4.1.2 are shown

in this part. In addition, an XRD comparison of batches 2-5 is also shown.

Batch 3 (After synthesis)
Batch 3. Mg-rich limenite (Syn) (Coupled Two Theta/Theta)

1 Batch 3 Mg-rich limenite (Syn).brml
1 PDF 00-003-0778 Fe +2 Ti O3 limenite
| PDF 00-003-0781 Fe +2 Ti O3 limenite
| PDF 04-012-5217 Mg0.21 Ti0.83 Fe0.96 O3 limenite, magnesian
4000 | PDF 00-003-0789 ( Fe , Mg ) Ti O3 limenite
| PDF 04-002-2494 Ti Fe2 O5 Pseudobrookite
3000
]
c
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Figure E.1 XRD analysis for synthetic Mg-rich ilmenite (Batch 3)

Batch 4 (After synthesis)
Batch 4. Mg-rich limenite (Syn) (Coupled Two Theta/Theta)

| Batch 4 Mg-rich limenite (Syn).brml
| PDF 00-003-0778 Fe +2 Ti O3 limenite
4000— | PDF 00-003-0781 Fe +2 Ti O3 limenite
| PDF 00-027-0247 ( Fe ., Mg ) ( Ti, Fe ) O3 limenite, magnesian
| PDF 00-003-0789 ( Fe , Mg ) Ti O3 limenite
| PDF 00-035-0796 Mg Ti2 O5 Armalcolite, syn
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Figure E.2 XRD analysis for synthetic Mg-rich ilmenite (Batch 4)
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Batch 5 (After synthesis)
Batch 5. Mg-rich limenite (Syn) (Coupled Two Theta/Theta)

1 Batch 5 Mg-rich ilmenite (Syn).brml
| PDF 00-003-0778 Fe +2 Ti O3 limenite
- | PDF 00-003-0781 Fe +2 Ti O3 limenite
| PDF 00-027-0247 ( Fe , Mg) ( Ti, Fe ) O3 limenite, magnesian
| PDF 00-003-0789 ( Fe , Mg ) Ti O3 limenite
| PDF 00-035-0792 Mg Ti2 O5 Armalcolite, syn
4000— | PDF 04-016-9472 Ti0.644 Fe2.356 04 Ulvoespinel, ferrian, syn
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Figure E.3 XRD analysis for synthetic Mg-rich ilmenite (Batch 5)

Comparison of batches 2-5 (After synthesis)
Batch 2-5. Mg-rich llmenite (Syn) (Coupled Two Theta/Theta)

| Batch 2 Mg-rich limenite (Syn).brml
4 1 Baich 3 Mg-rich limenite (Syn).brml
5000_’ | Batch 4 Mg-rich limenite (Syn).brml
4 | Batch 5 Mg-rich iimenite (Syn).brml
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Figure E.4 XRD analysis for synthetic Mg-rich ilmenite (Batches 2-5)
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Appendix F: Mass loss curves

The mass loss curves are shown in this part, and they are the raw data retrieved from the
reduction (raw data before calculation into conversion degrees). Comparisons of batches 1-3, 3-5

and 1-5 are shown.

Batch 1-3: Difference in Mg amount / 50% CO + 50% H; for 4.0 hour

Time [h]
0.5 1 15 2 2.5 3 3.5 4

Batch 1 (No Mg)

0
i ;
Batch 2 (Low Mg)
' Batch 3 (High Mg) |
6 LN
Mass loss s \\
le] R\

B \

14

16

Figure F.1 Mass loss curves for batches 1-3

Batch 3-5: Difference in H2 amount / 50-X% CO + 50+X% H», X =0, 25, 50 for 4.0 hour

Time [h]
0 0.5 1 15 2 25 3 35 4

2 Batch 5 (X = 50)
Batch 4 (X = 25)
Batch 3 (X =0)

Mass loss
[g] 10
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Figure F.1 Mass loss curves for batches 3-5
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Batch 1-5: Batch 1-3 + 3-5

Mass loss

[g]

12
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16

18

Time [h]

0.5 1 1.5 2 2.5 3 3.5

Batch 1 (No Mg, 50% H,)
Batch 2 (Low Mg, 50% H,)

Batch 3 (High Mg, 50% H,)
Batch 4 (High Mg, 75% H,)
Batch 5 (High Mg, 100% H,)

Figure F.3 Mass loss curves for batches 1-5
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Appendix G: EPMA analyses

The rest of the EPMA results for batches 3 and 4 after reduction in Section 4.3.2 are shown in this part.

Batch 3 (After reduction): 50% CO + 50% H. / 4.0 hour

Conc 3 i Conc
5. 0 T
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.000
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Figure G.1 SEM image & element mappings (Fe, O, Ti, Mg) of batch 3 after reduction
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Batch 4 (After reduction): 25% CO + 75% H./ 4.0 hour
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Figure G.2 SEM image & element mappings (Fe, O, Ti, Mg) of batch 4 after reduction
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