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Abstract

A novel process for the recovery of iron, titanium dioxide and vanadium pentoxide from
titanium-bearing waste materials has been developed. The methodology has been
designed to address the environmental legacy of tens of million tonnes of waste from
vanadium oxide extraction that has accumulated in South Africa and around the world.
Simultaneous extraction of the metallic values from the waste materials is not achievable
with the existing methods.

Recovery of vanadium oxide dissolved in the titaniferous magnetite (TM) matrix
is achieved by two processes that generate two distinct waste materials. Alkali roasting-
water leach process solely extracts V20s yielding a roast-calcine tailings (Iron-rich
tailing, T1). A low-grade TiO2 slag (TiO2 rich, T2) is discarded during co-production of
steel and vanadium slag from TM.

T1 and T2 were characterised using scanning electron microscopy (SEM), X-ray
diffraction (XRD) and X-ray fluorescence (XRF) to understand the varied and complex
mineralogy.

The roast-calcine tailings had a total iron content of 49.7 weight.%, 0.3 weight.%
V205 and contained up to 11 weight.% of TiO2. Vanadium ions are disseminated in
residual magnetite, sodium aluminosilicates and the hematite-ilmenite solid solution
observed in the material. By comparison, the low grade TiO2 slag was composed of up to
35 weight.% TiO2 and 1.2 weight.% V20s. Varied distribution of vanadium ions in
refractory magnesium aluminate and magnesium dititanate and the presence of significant
quantities of gangue materials makes the state-of-the art TiO, and V20s extraction
technologies unsuitable.

Thermodynamic considerations were adopted for analysing the role of alkali
carbonate in the physico-chemical separation of the metallic values.

A summary flowsheet is presented below broadly outlining the process steps.
Carbothermic reduction in the presence of Na2CO3 was carried out on the roast-calcine
tailings (T1) for extracting metallic iron, sodium titanate and water-soluble sodium
vanadate in the 1073 K to 1323 K temperature range under reducing atmosphere. Wet
magnetic separation of the reduced sample separated the metallic iron into a magnetic
fraction, whereas the non-magnetic fraction was dominated by sodium titanate and

residual gangue minerals with the sodium vanadate dissolved in the wash water. Water



leaching of the non-magnetic fraction was performed to enhance recovery of sodium
vanadate and alkali carbonate.

The magnetic fraction was smelted at 1723 K to produce steel micro-alloyed with
vanadium and a titania-slag. 0.5M H2SOg4 leaching of the non-magnetic fraction was
performed to upgrade the TiO2 content to ca. 75 weight.%. T1 acid leach residue was
roasted with NaHSO4 at 923 K followed by water leaching to remove water-soluble
sulphated impurities. A TiO2 residue of up to 92 weight.% was obtained after water
leaching.

Although the TiO2 rich (T2) waste contained a limited amount of iron, up to 10
weight.%, the material was reduced in the presence of Na.COs at above 1223 K to
decompose phases hosting vanadium ions and form water- soluble sodium vanadate. The
reduced product was water leached to dissolve water-soluble compounds for recovery by
selective precipitation. Alumina (ca. 75 weight.% AlLO3) was precipitated from the water
leach solution after lowering the pH to 8. Addition of ammonium sulphate to the solution
followed by solution pH adjustment to 5 resulted in ammonium metavanadate
precipitation, which was calcined at 723 K to give vanadium pentoxide of 93 weight.%.
The residual solids from water leaching were leached in 0.5M HCI to yield a CaTiOs-rich
residue.

The calcium titanate residue was treated using two different methods:

The first involved roasting the calcium titanate residue with NaHSO 4 followed by
water leaching. As T2 material contained alimited amount of iron it was necessary to add
FeSO4 during the water leaching step to ensure dissolution of CaSOa4in order to yield an
86 weight.% TiO2 residue.

The second method utilised sulphuric acid baking at 473 K of the titanate residue
to form a porous cake consisting of water-soluble TiOSOs4 and CaSOs. Ambient
temperature water leaching of the porous cake was carried out to dissolve TiOSO4 and
separate it from the CaSOa-rich solid residue. Titanium dioxide hydrate was precipitated
from the TiIOSO4 solution by hydrolysis at 353 K. The TiO2 precipitate was calcined to
produce synthetic rutile with up to 97 weight.% TiO2.

The flowsheet developed for T2 treatment has formed the basis of a pilot-scale

plant designed to scale-up the technology and valorise the waste material.
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1 Introduction

1.1 Background
Titanium

Titanium can be founded in nature in alarge variety of minerals of which ilmenite
(FeTiOgz), rutile (TiO2), anatase (TiO2), brookite (TiO2), perovskite (CaTiO3) and
leucoxene (Fe203-TiO2) are the most representative [1]. limenite and rutile are the two
most important minerals and are commonly present in igneous and metamorphic rocks.
limenite concentrates are sourced from either primary rock deposits or sedimentary
deposits.

Primary rock deposits are less commercially exploited largely due to the
intergrowth of ilmenite with magnetite in these deposits. As ilmenite is often found with
hematite and magnetite the TiO2 levels can be relatively low and recovery of free iimenite
be made challenging, explaining why these deposits are not commercially exploited to a
large degree [2]. A further complication is that rock deposits often have elevated levels
of alkali earth oxides such as calcium oxide (CaO) and magnesium oxide (MgO) which
if present during the chloride process form liquid calcium chloride (CaClk) and
magnesium chloride (MgCk) ,respectively, which can lead to operational difficulties
during the process [3].

Sedimentary deposits, also known as sands, are the main source of the TiO2 —
bearing feedstock including ilmenite and rutile. Sedimentary deposits are often associated
with low mining costs and generally found on coastlines and in river beds where they
can often be subjected to weathering that results in the concentration of TiO2 [2].

Despite the demand for titanium metal from the energy and chemical industries
being expected to increase during the next few years, the biggest market for titanium still
resides as high purity TiO2 for the pigment industry accounting for nearly 90% of the
worldwide production, owing to its properties such as high refractive index and scattering
power. Ti metal, weld fluxes and rods represent the remaining 10% of global production
[2, 4]. llmenite is the main feedstock for the production of TiO2 pigment via the sulphate
process but increasingly the chloride process, which primarily uses rutile or high grade
titanium slag, is being favoured owing to the fact that it appears to be superior in terms
of costand waste management, when compared to the sulphate process [5]. Due to limited
supply of natural rutile and increasing usage of the chloride process, it has become

necessary to produce synthetic rutile by upgrading ilmenite [6].



Vanadium

Titaniferous magnetite (TM), also referred to as titanomagnetite concentrate, typically
containing 1 weight.% to 3 weight.% V20sis the most important source of vanadium,
presently accounting for approximately 85% of the current world V20s

production. Vanadium production is classified under three separate terms [7]:

1. Primary production involves extraction of solely vanadium oxide from
titaniferous magnetite by alkali roast — water leach process, accounting for
nearly 15% of supply.

2. Co-production occurs when vanadium oxides are recovered with other
metallic values during the process. Manufacture of steel and vanadium slag
from TM represents the principal source of vanadium. However, vanadium
can be a co-product of phosphate, lead, uranium and bauxite ore processes.
Co-production is responsible for 70 % of the output.

3. Secondary production includes extraction of vanadium oxide from industrial
waste materials such as vanadium-bearing fly ash, petroleum residues, pig iron
slag, and spent catalysts. These sources constitute the remaining 15% of
vanadium production.

Approximately 90% of vanadium is consumed by the steel industry owing to its
ability to enhance key properties including: weldability, toughness, ductility and
corrosion resistance. Most vanadium is added to steel as ferrovanadium (FeV).
Application as catalysts, chemicals and alloys comprises the remaining 10%. The high
strength-to-weight ratio of vanadium-titanium alloys makes them important for the
aerospace sector. Vanadium usage in the green technology area is expected to rise due to

the vanadium redox flow battery [8].
1.2 Statement of the problem

The process waste from the vanadium extraction using the titanomagnetite concentrates
in South Africa has accumulated over the years to more than 50 million tonnes. There are
two types of waste products from the vanadium extraction plants: iron-rich tailing (T1)
and low-grade TiO2 slag (T2).

T1 is classed as aroast-calcine waste material from primary vanadium production.
Titanomagnetite concentrates containing up to 3 weight.% V20s are subjected to alkali

roasting in air to form water-soluble sodium vanadate (NaVO3) that is extracted during
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the subsequent water leaching step. Significant quantities of tailings are generated since
the remaining solids from water leaching are considered waste products. The 11 weight.%
TiO2 content precludes the material from blast furnace usage, while also being below
titanium dioxide beneficiation process requirements. Residual vanadium ions in the
tailings are present in the (3+) and (5+) states [9].

T2 is a low-grade TiO: slag material discarded during the co-production of steel
and vanadium chemicals by Evraz Highveld Steel and Vanadium Ltd in South Africa.
Titanomagnetite concentrates are pre-reduced in rotary Kilns with the addition of fluxes
followed by smelting in an electric arc furnaces. Majority of vanadium present in T2 is
transferred into the molten pig iron, whereas TiO2 is captured into the slag phase, due to
the prevalent redox condition. Consequently, up to 1.2 weight.% V2Osis found in the slag
typically dissolved in complex and spinel phases.

T1 stockpile has accumulated to 12 million tonnes compared to 45 million tonnes
of T2. Significant quantities of metallic values such as iron, titanium dioxide and
vanadium pentoxide are contained within these materials presenting a significant
commercial opportunity.

As a trace element vanadium is vital to humans, however, studies have indicated
it is carcinogenic and toxic at elevated concentrations, to an extent where international
agencies have classed vanadium as an environmental risk [10-13]. Increasing numbers of
people are affected by vanadium pollution, particularly in South Africa, China, USA and
Russia [14]. Vanadium is able to enter the environment from mine tailings along with
processing emissions [15]. Pentavalent ions, such as those in T1, represent the most toxic
form of the metal [7].

The current methods are either not suitable for extracting the metal constitue nts,
or are not capable of simultaneously extracting each constituent from the waste material.

This is because:

e Even though the T1 has a high iron content, it contains too much TiO2 to be
suitable for blast furnace reduction.

e TiO2 content of the T1 is below what is economically viable for the Becher
process and titania slag production.

e T2 is composed of a significant quantity of gangue such as alkali earth oxides and

silica that also makes existing beneficiation unworkable.



The aim of research in this thesis is to develop a process, capable of simultaneously
extracting iron, titanium dioxide and vanadium pentoxide from a range of low-grade
feedstocks, which are primarily derived from the titanium-bearing waste materials from
the vanadium extraction operations in South Africa. The process steps have been designed
and demonstrated to have a zero-waste and limited adverse environmental impact.
Emphasis was placed on designing a process that may allow a lower-cost option for
developing a plant with the available power, water supply and raw materials transport
infrastructure in South Africa. For this reason, the physical chemistry of the process is
required for flow-sheet analysis used for plant design. In this case, the choice of a rotary
kiln was considered, following the batch-process analysis of the chemistry of reduction
reaction. In this thesis the results of process chemistry using a rotary kiln furnace,
developed at the University of Leeds, are reported. The thesis therefore embodies the
following parts, as a part of meeting the overall objective on the extraction of metallic
values from the titaniferous waste minerals of T1 and T2 classifications:

The aim of this work was completed by carrying out the following tasks:

)] mineralogical phase analysis of the as-received T1 and T2 mineral wastes;

i) equilibrium thermodynamic analysis of the multicomponent phase equilibria
in the Ti-Fe-Ca-Na-O in the presence and absence of reducing agents for the
experimental design;

i) investigation of the phase equilibria, Kinetics and mechanism of
pyrometallurgical processing of T1 and T2 materials, for ascertaining the
separation of major metallic values;

iv) based on the analysis of the process chemistry, study of the overall reaction in
a semi-continuous operations using a rotary Kiln;

V) thermodynamic analysis of the leaching conditions for the extraction and
purification of TiO2,V20s5 and AkOs;

Vi) characterisation of magnetic fractions of T1 waste and the melting and ferrous
alloy formation;

vii)  beneficiation chemistry of T2 slag waste by upgrading the feedstock from
nominal 35 weight.% to above 95 weight.% and

viii)  dewveloping a block materials and energy flow diagram and undertaking

material and energy balances on the processing of the waste materials.



1.3 Structure of thesis document

The thesis is made up of 9 chapters:

Chapter 2: Literature review

Chapter 2 details TiO2 pigment production techniques and the role of current
titaniferous mineral beneficiation is discussed including the constraints of the
state-of-the-art processes. Vanadium extraction technology is assessed along with
the separation and purification methods employed by the industry. The objectives
of the thesis are given in Chapter 2.

Chapter 3: Materials and Methods

Chapter 3 presents the titanium-bearing materials and reagents used for the study,
as well as the experimental procedures followed for the investigation.
Characterisation techniques and sample preparation methods employed in the
study are described.

Chapter 4: Phase analysis of materials

In Chapter 4 TM, T1 and T2 materials are characterised utilising XRF, XRPD and

SEM-EDX. Phase equilibria calculations to predict phases formed from previous
processing of titanomagnetite concentrates are presented and the results compared
with phase analysis of T1 and T2. Phase transformation of TM heat treated in air
and inert atmospheres is investigated.

Chapter 5: Thermodynamic considerations

Chapter 5 presents standard Gibbs free energy change calculations and multi
component phase equilibria data for carbothermic reduction in the presence and
absence of alkali carbonates for T1 and T2 materials.

Chapter 6: Carbothermic reduction of iron-rich tailings and low-grade

titanium dioxide slag in the presence of alkali carbonates.

Chapter 6 discusses the Kkinetics and mechanism studies of reductive alkali
roasting of T1 and T2 materials in the thermogravimetric analysis apparatus.
Reduced samples are characterised using SEM-EDX and XRPD and the physical
chemistry of reduction is studied. Reductive alkali roasting in the rotary kiln was
investigated and the effect of parameters on operations is detailed.

Chapter 7: Separation and purification of reduced products

Chapter 7 describes the separation and purification of metallic values from

reduced products. Reduced T1 samples were subjected to magnetic samples and
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the non-magnetic and magnetic fraction. Smelting of the magnetic fraction to
produce a ferroalloy was demonstrated. The non-magnetic fraction was subjected
to two-stage leaching and sulphate roasting to upgrade the TiO2 content. Water
leaching of reduced T2 sample for extraction of metallic values such as V2Os and
AkLOzis shown. Acid treatment and sulphation roasting of the water leached T2
residue is described in Chapter 7.

Chapter 8: Mass and energy balance of iron-rich tailings and low-grade

titanium dioxide slag processing

Chapter 8 evaluates the mass and energy for the process steps in the flowsheets
designed to treat T1 and T2 materials.

Chapter 9: Conclusions and future work

The final chapter draws conclusions from the results obtained during the

experimental work and proposed future work is given.



2 Literature review
Chapter 2 provides an overview of TiO2 pigment production by chloride process and
sulphate processes, including methods developed to produce TiO2 from T2-type industrial
waste. A summary of the state-of-the-art methodologies utilised for beneficiating
titanium-bearing feedstock is provided. Technologies developed to extract vanadium
oxides from titaniferous magnetite and other sources are presented and the separation and

purification of vanadium oxide techniques are detailed.

2.1 Mineralogy
2.1.1 Titaniferous magnetite
Most spinel oxides have the general formula X2+Y3*204. In the normal spinel (XY204),
the divalent cations occupy the tetrahedral voids and the trivalent cations occupy the
octahedral sites. For each unit cell, eight of the sixty-four tetrahedral sites and sixteen of
the thirty-two octahedral sites are occupied by cations. When half of the trivalent cations
are replaced by divalent cations in the octahedral sites, then given that the tetrahedral sites
are occupied exclusively by divalent cations, an inverse spinel is formed [18].

Magnetite as shown in Figure 2.1a is an inverse spinel structure that can occur as
a solid-solution with ulvospinel (TixFes-xOa), forming a magnetite — ulvdspinel solid
solution at magmatic temperatures [19]. Slow cooling may result in the decomposition of
the ulvdspirel to ilmenite and magnetite. The magnetite- ulvdspinel is known as known
as titanomagnetite. UIGspinel (see Figure 2.1b) is an exsolution lamellae in magnetite
that is present in rock deposits [2]. The structure of ulvdspinel is an inverse spinel with
the Ti** and Fe?*ions filling the octahedral sites and the Fe2* ions filling the tetrahedral
sites. Charge coupled substitution occurs at the octahedral sites (2Y3* = M** + N2*)
because of the mixing of the Ti** and Fe?* ions that are occupying the site, causing
valency disorder [16]. The V ions are largely present in the 3+ valence state, as they
occupy the octahedral sites of the spinel forming coulsonite (FeV204) which is in solid
solution with magnetite and ulvospinel [17, 18]. However, a minor amount may be
present as V4*ions that are also able to occupy the octahedral sites [19]. The occurrence
of V**ions is explained by an electron-exchange reaction with Fe®*ions, according to
equation 2.1  [20, 21]. It has been reported in literature that V4* is stable in
spinels [22, 23].

Fe3* 4+ V3t = Fe?t 4 V4 2.1



The V3*ion has an octahedral radius of 61 pm which is similar to that of Fe3* (63
pm), implying that it is readily able to substitute for the Fe3* ion in the magnetite matrix,
as seen in Figure 2.1c . The substitution is supported by the crystal field stabilisation
energy (CFSE) theory where trivalent cations with high octahedral site preference
energies (OSPE) are predicted to occupy octahedral sites. V3*ions with an OSPE of -53.5
kJ/mole are likely to favour the octahedral site compared with Fe3* cations that have zero

OPSE, with respect to the solid-solution forms of spinels [24].

Figure 2.1 Crystal structures of a) magnetite, b) ulvGspinel and c¢) coulsonite.

(Fe=brown, O =red, Ti = grey and V=green)
Spinodal decomposition
Spinodal decomposition is the mechanism of phase transformation where unmixing of a
solution into distinct phases with different chemical compositions occurs. For example, a
binary alloy would separate into A-rich and B —rich regions when cooled into the unstable

region of a miscibility gap (see Figure 2.2a) [25, 26].

A Gibbs free energy curve plotted as a function of composition is given in Figure
2.2b. Spinodal decomposition occurs where the curvature of the Gibbs free energy curve
IS negative (see equation 2.2), representing aregion where the system is unstable. A small
composition fluctuation would result in A-rich and B-rich regions, causing in a decrease
in Gibbs free energy. Decomposition is governed solely by diffusion as there is no
thermodynamic barrier to the decomposition within the chemical spinodal, with diffusion

occurring until the equilibrium compositions, X1 and Xz, are reached [25, 27, 28].

d*G
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Figure 2.2 a) Phase diagram of binary mixture with a miscibility gap showing a spinodal
b) Gibbs free energy against composition plot [25].

Von Gruenewaldt et al [29] explained that the presence of ilmenite in
titanomagnetite from the Bushveld complex in South Africa is a result of exsolution of
ilmenite from the solid solution. During cooling, unmixing of ulvdspinel and magnetite
phases from the solid solution produces a fine-scale two-phase intergrowth [30]. The
miscibility gap identifiable in Figure 2.3 illustrates that as the temperature decreases there
is unmixing of the ulvospinel and magnetite phases. The exsolved ulvospinel lamellae
(intergrowths) undergo subsolidus oxidation to form ilmenite [31-33]. The reaction
proceeds according to equation 2.3, which is thermodynamically feasible below 973 K

and becomes more favourable as the temperature decreases [18, 34, 35].

3Fe,TiO, + 0.50,(g) —» 3FeTiO; + Fe;0, 2.3
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Figure 2.3 Approximate position of the solvus in the magnetite-ulvospinel solid solution
[30, 36].

2.1.2 llmenite

limenite has a hexagonal structure containing two cations, titanium and iron, which form
alternating bilayers perpendicular to the c axis [37]. Fe?*and Ti** ions are tetrahedrally
and octahedrally coordinated, respectively, with the O ions. Illmenite minerals often
contain manganese which is generally present as a substitutional impurity for Fe2*. In the
ilmenite lattice both Fe2*and Fe3* can exist, and both ions can be partially or completely
substituted by Mn2* and Mn3*, respectively. This is because the size difference between
Fe?* (92 pm) and Mn?* (97 pm) is less than 15%, which means that extensive ionic
substitution may be possible between these two ions [38]. The crystal structure of ilmenite

mineral is presented in Figure 2.4.
E O
*g-
/0
Q*\
0

Figure 2.4. Crystal structure of ilmenite mineral (O = grey, Ti = blue, Fe =red) [30, 36].
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2.2 Slag chemistry

Slags are mixtures of metal oxides and silicates that form during the smelting of

concentrates or ores [39, 40]. The primary role of slags is separation of unwanted

compounds, such as unreduced metal oxides and gangue minerals, from the molten metal

[39, 41]. Good separation from the molten metal is an important property of a slag [42].

Fluxes such as lime, magnesia and silica are often added to give the slag preferred

properties which include:

1.

lower melting point than the melt to maintain high fluidity enabling the slag
to cover the whole liquid surface.

low viscosity.

lower specific gravity than molten metal allowing the slag to protect the melt
from the furnace gases and atmosphere; inhibiting oxidation of the liquid
metal and insulating the melt by limiting heat loss.

correct chemical composition in order for the slag to be immiscible with the
melt, be able to accept and react with impurities from the molten metal and

have the desired chemical properties [40, 42].

Molten slags have silicon atoms that are tetrahedrally coordinated to oxygen

anions forming silicate (SiO4*) tetrahedral units that polymerise to form a three-

dimensional network, as seen in Figure 2.5 [40, 43]. Increasing SiO2 content of the slag

results in increased slag viscosity [44].

012345678910
(PR PR Y PR N I

Scale in Angstrom un!ts

(Si30,f

(5,0,)°
(Si0,)*

(Si; 0,)* (Sis04) "

Figure 2.5. Crystalline silicates. Black circle = Si atom, White circle = O atom [42].
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Oxides present in the slag can be classified as basic, acidic or amphoteric. Basic
oxides donate O2 anions to the slag and are considered to be network-breakers (see
equation 2.4). These include: CaO; FeO; MgO; Na20 and K:O.

Acidic oxides accept O2-and are considered network-formers (see equation 2.5)
and they include SiO2 and P20s.

Amphoteric oxides behave as either basic or acidic oxides depending on whether
they are added to acidic or basic slags, respectively [41]. TiO2, ALO3s, Cr20zand Fe2O3
are examples of amphoteric oxides.

Acidic slags are rich in acidic oxides and have no free O2- anions, whereas basic

slags are rich in basic oxides and contain free O2 ions [40, 44].
Ca0 = Ca®* + 20%" 2.4
Si0, + 20% =Si0}~ 2.5

However, slags can serve as a reservoir for desired metals such as titanium

and vanadium oxides, with examples discussed later in chapter 2 [4].
TiOz in slag

TiO2 forms stable CaTiO3 in the presence of CaO. The melting point of CaTiOs is lowered
from 2244 K to 1733 K at eutectic composition of 20 weight.% CaO and 80 weight.%
TiO2, as seen in Figure 2.6a. TiO2 added to the CaSiO3 composition results in CaTiSiOs
formation which melts at 1673 K, as illustrated by the liquidus isotherm in
Figure 2.6b [43]. Titania slags formed from smelting ilmenite concentrates contain

75 weight.% to 90 weight.% TiO2, where the Ti®* and Ti** ions may be present.
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Figure 2.6. Phase diagram of a) CaO-TiO2 and b) CaO-SiO2-TiO2 system [43, 45, 46].

2.3 Processing of titanium-bearing materials

2.3.1 Production of pigment grade TiO,

Commercial methods of manufacturing titanium dioxide pigments are based on two well
established processes: the sulphate and the chloride processes. However, more recently
other processes have also been developed and are at varying stages of the development
[41]. The increasingly favoured chloride process requires high-grade TiO2 feedstocks to
be commercially viable and to fully realise environmental advantages over the sulphates
process.

The range of feedstock suitable for the chloride or sulphate process is presented
in Table 2.1. Some materials are naturally occurring but limited supplies of high-grade
feedstock has led to the development of beneficiation processes to meet the demand for
high TiO2 content inputs.
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Table 2.1 Feedstock used in the chloride and sulphate processes [2].

Feedstock Type Process TiO, (weight.%0)
Chloride-grade )
o Natural Chloride 60
ilmenite
Leucoxene Natural Chloride 75-91
Rutile Natural Chloride 90-96
Chloride-grade slag Synthetic Chloride 85-95
Synthetic rutile Synthetic Chloride 90-93
Sulphate-grade )
o Synthetic Sulphate 44-57
ilmenite
Sulphate-grade slag Synthetic Sulphate 75 - 80

2.3.1.1 Chloride Process

The majority of TiO2 pigment is produced using the chloride process, which was
developed in the 1950s, as it has pigment quality, economic and waste manage ment
benefits over the sulphate process [5, 6, 47]. Use of high TiO2 feedstock is particularly
preferred for minimising the waste generation. TiO2 in the raw material is chlorinated in
the presence of coke to form titanium tetrachloride (TiCls), as seen in reaction 2.6. The
Fe-Ti-CI-C-O system in Figure 2.7 illustrates the role CO/CO: ratio plays in the
chlorination of TiO2. It can be observed that TiCl forms at a phase field where the
COI/CO: ratio is sufficiently reducing. Iron chlorides are readily formed as they are

observed even at lower CO/CO2 ratios where TiO2 has not been chlorinated.

Tio, + 2CL(g)+ 2C— TiCl, (g)+ 2CO(g) 2.6
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Fe-Ti-CI-C-0, 1323 K
Til(Fe+Ti+Cl) = 0.22, Cl/(Fe+Ti+Cl) = 0.76
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Figure 2.7 Predominance area diagram of the Fe-Ti-CI-C-O system at 1323 K

representing the chlorination of TiOz in the presence of carbon [48].

TiO2 feedstock and coke react with chlorine and oxygen in a fluidised-bed reactor
at 1073 K — 1473 K to give TiCls and carbon monoxide gas (CO). Minimising the
formation of corrosive hydrogen chloride (HCI) gas is ensured by controlling the moisture
content of the raw materials. Side-reactions occur during the chlorination process that
lead to formation of various chlorides such as AICI3, ZrCL, FeCls, VClL, VOCL and SiCls
[49]. The standard Gibbs free energy change versus temperature plot in Figure 2.8

demonstrates that the side reactions become more favourable as the temperature

increases.

V,0; + 8ClL(g)+ 5C— 2VCl,(g)+ 5CO(g) 2.7
V,0: + 3Cl,(g)+ 3C— 2VOCl;(g) + 3CO(g) 2.8
Fe,0;, + 2Cl,(g) + 3C— 2FeCl,(g)+ 3CO(g) 2.9
ZrSi0, + 4Cl,(g) + 4C - ZrCl,(g) + SiCl,(g) + 4CO(g) 2.10
Al,0; + 3ClL(g)+ 3C— 2AICl;(g) + 3CO(g) 2.11
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Figure 2.8 Standard Gibbs free energy change against temperature plot for the formation
of metal chlorides [35].

After exiting the reactor the product gases are cooled to approximately 423 K
causing FeClz and AICIs to condense, which allows these two species to be separated. The
boiling points of VOCk and VCl are 400 K and 422 K, respectively, compared to
409 K for TiCls and are thus more difficult to remove [50]. VOCk and VCL must be
reduced in order to be separated, where commonly used reducing agents are copper,
hydrogen sulphide or mineral oils [49, 51, 52]. SiCk, with a boiling point of 331 K, is
removed by fractional distillation resulting in pure TiCls in liquid form [49, 50].

TiO2 pigment is formed by oxidation of TiCls at 1173 K -1673 K while Ck is
regenerated according to equation 2.12. The oxidation reaction is exothermic as AH°
ranges from -176 kJ.mol?! to -171 kJ.mol?! in the 1173 K-1673 K temperature range.

TiCl,(g) + 0,(g) = 2Cl,(g) + TiO, 2.12

The chlorination of ilmenite is not favourable because of the presence of the iron
oxide, which is chlorinated and results in significant consumption of the chlorine gas that

is not recycled [53].
2FeTiO; + 6Cl,(g) + 6C— 2TiCl,(g) + 2FeCl,(g) + 6CO(g) 2.13

In addition to TiO2 pigment production TiCls is used for titanium sponge

production via the Kroll process [54].
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2.3.1.2 Sulphate Process
The sulphate process was developed in the 1910s [47]. llmenite and sulphate-slag are
used as feedstock.

The raw material is digested with concentrated sulphuric acid, at 423 K — 493 K,
to form titanium oxysulphate (TiOSOQa), ferric sulphate [(Fe2(SOa4)s)]and ferrous sulphate
(FeSO4) and the solution is filtered and subsequently clarified [55].

FeTiO, + 2H,SO, - FeSO, + Ti0OSO, + 2H,0 2.14

Addition of scrap iron to the clarified solution reduces ferric ions to ferrous ions
allowing the iron to be crystallised as ferrous sulphate heptahydrate (FeSO4.7H20).
The Fe-Ti-S-H20 En-pH system in Figure 2.9 demonstrates the stability region where
FeS04.7H20 can be crystallised out of solution, between 0.2 and 0.4 volts and in a pH
range of 0to 4. Owing to a lack of TIOSO4 thermochemical data in the FactSage database
the titanium present in the solution in the same phase field as FeSO4.7H20 is presented
as TiOz instead of TiOSOa.

FeSO4 + 7H20 - FeSO4. 7H20 2.15
Fe-Ti-S-H20, 293 K
Til(Fe+Ti+S ) =0.25, S (Fe+Ti+S)=05, m=1.0 &ctsagem
1.0 r T T T T T
: FeSO,[-] + TiO, + SO,[2-]
0.8 [ | Fe,0,+TiO, + HSO,[-] ]
06 F .
~ :
i) [ Fe,0, + TiO, + SO,[2]
S 04 [ FeSO,.7H,0 + TiO, + HSO,[
>
-
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0.2 FeS, + TiO, + HSO,[2-] 7
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Figure 2.9 En-pH diagram of Fe-Ti-S-H20 system at 293 K computed using FactSage
software [48].
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The titanyl sulphate containing solution is hydrolysed to form titanium oxide
hydrate (TIO(OH)2) (see equation 2.16), which is then calcined in a rotary kiln to form
either rutile or anatase [6].

Ti0SO, + 2H,0 - TiO(OH), + H,SO, 2.16

The advantages of the sulphate process over the chloride process are that it has
lower capital costs and is able to make use of lower quality feedstock. However, the
significant generation of dilute sulphuric acid and iron sulphate waste means the process
is now less favoured [39]. For example, for every tonne of TiO2 pigment produced from
ilmenite (with 50 weight.% TiO2) 8 tonnes of dilute sulphuric acid (see equation 2.16),
and 3 tonnes of FeSO4.7H20 (see equation 2.14) waste products are generated [56]. To
overcome the environmental challenges certain companies sell the FeSO4.7H20O while
others concentrate the dilute H2SO4so0 that it can be recycled in the sulphate process [57]

Other processes for the production of pigment grade TiO2 are at various stages of

development but are yet to displace the two dominant processes.

2.3.1.3 Avertana and Evraz Highveld Steeland Vanadium processes

Patents have been registered by Avertana Ltd. and Evraz Highveld Steel and Vanadium
Ltd. (EHSV) for the production of TiO2 pigment from TiO2 waste slag, including EHSV
slag (T2), produced from the smelting of pre-reduced titanomagnetite concentrates, [58,
59]. These processes share similarities with the Sulphate process described above.

The initial step of the Ewvraz Highveld Steel and Vanadium process for TiO>
recovery from low-grade titania slag is fusion of the T2 with H2SOg4at 473 K. Water
leaching is carried out below 348 K followed by filtration and clarification of the solution.
CaSOgsand residual slag components including SiO2 report to the solids. FeSO4.7H20 is
crystallised from the solution, as seen in the Sulphate process. Addition of (NH4)2SO4
results in the formation of ammonium aluminium sulphate [(NH4)AI(SO4).]. TiO2 nuclei
are added to the solution which is hydrolysed to precipitate hydrated TiO2. Calcination at
1223 K followed by conditioning and milling of the TiO2 precipitate is performed to yield
TiO2 pigment. Ammonia solution is added to the hydrolysed solution to precipitate
vanadium oxide present in the solution. However, no indication is given on the purity of

the vanadium oxide precipitated.
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Figure 2.10. Block flow diagram of the Evraz Highveld Steel and Vanadium process for
low-grade TiO2 slag treatment [58].

The Avertana process involves digestion of slag waste material in an autoclave
vessel at 323 K - 493 K in order to form TiOSO4 and metal sulphates such as Al(SO4)s,
FeSO4, MgSO4, CaSO4 and VOSOas. Pressure filtration is carried out to recover H2SO4
that can be recycled in the process. Water leaching of the filter cake is performed below
353 K followed by filtration and clarification of the solution and CaSOa4is recovered from
the solids utilising flotation. Similar to the Sulphate process, seeded hydrolysis of the
TiOSO4 solution is done to form hydrated TiO2, which is filtered from the solution.
Precipitated TiO2 is calcined at 1223 K before being subject to conditioning and milling
to yield TiO2 pigment. Ak(SOa4)3 and MgSOg are selectively precipitated from the filtrate

solution.

The Avertana and H2SOs-based EHSV processes for treating T2-like material
consume substantial amounts of sulphuric acid owing to the sulphation of TiO2 and other
slag constituents, such as CaO, MgO, FeO and Al2O3. Recovery of vanadium oxide from
acidic medium often requires use of solvent extraction, as described in 2.4.3.2. The
Avertana and H2SO4-based EHSV processes would not be suitable for processing of T1-
type materials that are rich in iron, as significant quantities of sulphuric acid would be
consumed while generating large quantities of iron sulphate waste. Use of alkaline
reduction allows for effective recovery of iron from feedstocks containing significant

quantities of iron/iron oxide while also allowing for extraction of titanium and vanadium
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oxides. Reductive alkali roasting of T2 results in the formation of acid-soluble phases,
which decreases the overall acid consumption compared to the Avertana and H2SOs-

based EHSV processes.
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Figure 2.11 Block flow diagram of the Avertana process for low-grade TiO>

slag treatment [59].

2.3.2 Beneficiation of titaniferous minerals

Increasing use of the chloride process and the limited supply of high-grade feedstock,
such as natural rutile, led to the development of a number of processes to upgrade the
TiO2 content of low-grade feedstock [60]. Upgrading the TiO2 content is primarily
achieved by separating iron oxide from TiO2. New processes have been developed to
upgrade titaniferous minerals, however, a limited number are being commercially
exploited or have reached an advanced stage [55].

These beneficiation processes are either a pyrometallurgical, a combination of
pyrometallurgical and hydrometallurgical or solely hydrometallurgical processes. The
Becher process and the Benelite process, which are based on the rotary Kiln as the main
reactor for treating the titaniferous concentrates, are currently employed to produce

synthetic rutile on an industrial-scale.

2.3.2.1 Pyrometallurgical process

Smelting of ilmenite concentrate

limenite concentrates are smelted at 1923 K — 1973 K with anthracite coal in an electric
arc furnace to produce pig iron and aslag phase rich in TiO2 — 75 weight.% - 90 weight.%
(see equation 2.17) [49]. Fluxes are not added during the smelting process so that the TiO>
content in the slag is not effectively decreased [61, 62]. However, reduction of iron oxide

is controlled to leave alimited amount of FeO that is able to flux TiO2 into the slag phase
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[61]. The advantage of ilmenite smelting is that the iron present in the ilmenite
concentrate is recovered. During smelting, Ti** ions are often reduced to Ti®* ions to give
sub-oxide forms such as Ti2O3 [63].

FeTiO; + C—> Fe+ TiO, + CO(g) 2.17

In some operations ilmenite is pre-reduced in the rotary kiln before being fed into
the electric arc furnace with coal for smelting [64, 65]. Smelting ilmenite sands typically
produces chloride-grade slag that can be used for the chloride process as the TiO2 content
ranges between 80 and 90 weigh.% while having alow MgO and CaO content. However,
undersized chloride slag can be sold to sulphate pigment producers. Rock ilmenite when
smelted produces sulphate-grade slag which has 70 weight. % - 80 weight. % TiO>.
However, the high MgO and CaO content means that sulphate slag is only suitable for the
sulphate process [66-68]. The higher TiO2 content of the sulphate-grade slag lowers the
amount of waste generated by the sulphate process compared to use of ilmenite
concentrate.

The challenges presented by smelting ilmenite are that it operates at high
temperatures which is energy-intensive. Titania slag is corrosive to refractory materials
requiring formation of a layer of solidified slag, commonly referred to as “freeze lining”,
on the furnace lining in the slag zone for protection of the furnace wall [61, 69, 70].
limenite concentrate smelting requires a TiO2 content greater than 30.% and total Fe
composition above 30 % for smelting to be economically viable [66].

T1 with 11 weight.% TiO2 would clearly not suitable for smelting even though the
total iron composition is 50 weight.%. Although the TiO2 content of T2 is greater than 30
weight.% the limited iron content means smelting is not a viable option for beneficiation

of the material.

2.3.2.1 Pyro-hydrometallurgical processes

Becher process

In the Becher process, ilmenite sands that have been weathered or pre-oxidised in air to
form pseudobrookite (Fe203-TiO2) and TiO2 (see equation 2.18) are used. The pre-
oxidation of the ilmenite to pseudobrookite causes cracking in the lattice creating a more

porous material [66]. However, use of a pre-oxidation step consumes additional energy.

4FeTiO, + 0, (g) — 2Fe,0,-Ti0, + 2TiO, 2.18
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The lattice changes in the ilmenite due to pre-oxidation increase the rate and extent
of reduction of iron oxides to metallic iron during the reduction step (see equation 2.19)
[71]. The pre-oxidised ilmenite is reduced with coal at 1373 K-1473 K in a rotary kiln

with a residence time of approximately twelve hours forming metallic iron [72]
Fe,0, - TiO, + 3CO(g) » 2Fe+ 2Ti0, + 3C0,(g) 2.19

Reduced ilmenite is aerated in order to rust out the metallic iron present in the
llmenite grains according to equation 2.20, ammonium chloride is added as a catalyst to
accelerate the aeration process [73, 74]. Subsequently, any remaining iron and impurities
are removed by leaching with dilute sulphuric acid to yield a synthetic rutile with
approximately 88 weight.% - 93 weight.% TiO2 [66, 75].

4Fe+ 30, (g) » 2Fe,04 2.20

The iron oxide generated by the Becher process is in an unusable form providing
no economic value and being classed as a waste product. The Becher process is unable to
remove key impurities, such as MgO and CaO, and requires ilmenite concentrate with a
TiO2 content greater than 55 weight.% , however, the process is most effective when
ilmenite containing 60 weight.% - 63 weight.% TiO: is used. [2, 66, 76]. The feedstock
constraints of the process mean it cannot be utilised for beneficiating low-grade feedstock
such as T1 and T2.

Benelite and Murso processes

In the Benelite process, ilmenite sands containing 55 - 65 weight.% TiO2 are reduced in
a rotary Kkiln with heavy oil at 1173 K to ensure any ferric iron (Fe3*) present is reduced

to ferrous iron (Fe2*) (see equation 2.21).
n Fe,0,.nTiO, + 2CO(g) —» nFeTiO; + 2C0,(g) 2.21

Reduced ilmenite is leached in 18 weight.% - 20 weight.% HCI at 293 K —
418 K for several hours in rotary digesters during which the iron oxide (Fe?*)and residual
impurities are removed as FeCl.. The acid leaching conditions used during the Benelite
process allow for greater removal of impurities compared to the Becher process. The
remaining solids are washed and calcined at 1143 K yielding synthetic rutile which is
approximately 94 wt.% TiO2 [60].

FeTiO, + 2HCI — FeCl, + TiO, + H,0 2.22
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The spent acid solution is pyrohydrolysed according to equation 2.23 in order to
regenerate the hydrochloric acid and produce a fine hematite residue, which is typically

a waste product.

The alkali reduction-based process described in this report is shown to be able to
treat titanium-bearing feedstock of lower grade than what is required by the Becher,
Benelite and Murso processes. Also, the process presented in this report is designed to
recovery iron and vanadium oxide from feedstock in contrast to the three processes which
are focused on beneficiation of titaniferous feedstock. Furthermore, iron is typically a
waste product and the Becher, Benelite and Murso processes are not capable of extracting

vanadium oxide.
2FeCl, + 2H,0 + 0.50, (g) — Fe,0, + 4HCI(g) 2.23
UpGraded Slag (UGS) process

The impurities present in the rock ilmenite feedstock are concentrated in the sulphate -
grade slag which reduces the quality and value of the slag. Bearing the quality in mind,
the UpGraded Slag (UGS) process was developed by Rio Tinto plc to remove impurities
such as FeO, SiO2, MgO and CaO from the sulphate-grade slag produced by Rio Tinto
which is referred to as Sorelslag"™. The objective was to produce a feedstock suitable for
the chloride process.

The Sorelslag™ undergoes the following steps [2, 66, 77, 78]:

1. Oxidation at 1273 K for 1 hour of the slag to oxidise all Ti** ions to Ti** ions
in order to limit titania acid-solubility in step 3. Ferrous ions are oxidised to
ferric ions (see equation 2.24) in the process while a significant amount of the

glassy silicate phase is decomposed according to equation 2.25.

(Fe,TiO;) (1 (MgTi, 05) 435 + 1.55TiO, 2.24
(Ca,Al, MgFe.Ti) SiO, + 0,(g) — Fe,0, + CaSiO, + AL,SiO, + TiO, 2.25
2. Reduction at 1073 K for 1 hour of oxidised titania-rich slag using smelter off-

gas (85 volume % CO and 15 vol% H2) reduces Fe3* ions back to Fe?* ions
while enhancing the leachability of the impurities during the succeeding acid

leaching.
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3. High-pressure acid leaching of the heat-treated slag at 398 K using 18 % to
20% HCI for 5 to 7 hours primarily to remove MgO, FeO, CaO, and Al.O3
and SiOz.

4. Washing of the acid-leached slag followed by calcination in the 873 K to
1073 K temperature range to produce UGS slag with minimum 94.5 weight. %
TiO>.

5. Pyrohydrolysis of spent acid solution for HCI recovery while generating an

oxide residue predominantly containing MgFe204 and FeALOa.

An optional step of caustic leaching was included in the original process for
removal of excess silica present in the upgraded slag.

Feedstock summary for TiO2 pigment production

A summary of the feedstock used for the sulphate and chloride processes is presented in

Figure 2.12.

Rock Beach Sand :
e cact Bl Leucoxene Rutile
Imemte TImemte
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slag
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Sulphate process Chloride process

Figure 2.12 Summary of feedstocks for chloride and sulphate processes.

UpGraded Slag (UGS) processing of low grade titania slag

The UGS process was developed to upgrade titania-slag with high levels of
alkaline earth oxides, therefore Goso et al. [79] investigated its application for the
beneficiation of Ewaz Highveld Steel and Vanadium slag (T2). Considering the
deleterious consequences on TiO2 recovery of flux addition during smelting of
titanomagnetite concentrate, the authors smelted the concentrate in the absence of any

fluxes. The fluxless slag had an initial TiO2 content of 56 weight.% TiO2 compared to
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33 weight.% for T2 (considered to be the fluxed slag in the study) clearly illustrating the
influence of flux on the grade of TiO2 in the slag. An un-optimised UGS process was
applied to both slag materials. However, no comment was made on the effect smelting in
without flux smelting had on the separation between the molten iron and the slag material.

Fluxed and fluxless slag material were oxidised at 1148 K and subsequently
reduced in a CO atmosphere at 1148 K. Heat treated slag materials were leached with 20
% HCI for 24 hours at 383 K upgrading the TiO2 content to 67.1 weight.% and 67.8
weight.% for both fluxed and fluxless slag, respectively.

A 2.15M NaOH leaching step at 373 K for 3 hours was adopted for both materials
due to the high silica content of the acid leached slag materials. Caustic leached residues
were washed and subsequently calcined at 1173 K for 3 hours.

The grade of the treated fluxed slag (T2) was reported to be 74.6 wt. % TiO2
compared to 74.0 wt. % TiO2 for the fluxless slag. Major impurities remaining in the
upgraded slag materials were MgO and AlOs which were present as a spinel phase
[Mg(AITi,V)204] and pseudobrookite solid solution (MgTi2Os-FeTioOs-AkTiOs). These
phases prevented a higher grade of TiO2 from being attained.

The study by Lekobotja highlights that the UGS process is limited in its ability to
treat the T2 material and is also not capable of simultaneous recovery of TiO2 and V20s
from the material, in contrast with the alkali reduction based process developed in this
report. Use of the UGS process resulted in the need of an additional sodium hydroxide
leaching step to remove silica, whereas caustic soda leaching is not required in the alkali
reduction based process detailed in this report due to formation of acid-soluble silicate
phases during the initial reductive alkali roasting step. Decomposition of the spinel phase

remains important for effective beneficiation of the T2 material.

Other processes for the beneficiation of titaniferous minerals have been

investigated and are at different stages of development.
Austpac ERMS and EARS processes

The Austpac Enhanced Roasting and Magnetic Separation (ERMS) and Enhanced
Acid Regeneration (EARS) process involves roasting in two fluid bed stages.

First, ilmenite concentrate is subjected to oxidative roasting at 1273 K to ensure
that the iron oxide is in the trivalent state. In the second stage, reductive roasting is
performed at 1273 K with coal to reduce the iron oxide to the Fe?* state, making it easily
leachable with the HCI. Roasting enhances the magnetic properties of ilmenite improving
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separation of ilmenite from gangue and fine char during the subsequent magnetic
separation stage.

Leaching the magnetic fraction in hot HCI at atmospheric pressure removes the
majority of the iron oxide (see equation 2.22) and other impurities (CaO, MgO, MnO and
AkLQO3). The acid leach residue is washed, dried and calcined in a fluid bed system at
around 1073 K giving a synthetic rutile residue which is approximately 96 weight.% TiO2
[80].

Regeneration of HCI from leach liquors utilising the EARS process is a key
component of the process. It is a variation of pyrohydrolysis process with the major
difference being that the water in the spent acid is evaporated at 413 K to produce metal
chloride pellets that are fed into a fluid bed roaster for pyrohydrolysis at 1073 K to
1173 K regenerating HCI according equation 2.26 [81].

2FeCl, + 0.50, + 2H,0 — Fe,0, + 4HCI(g) 2.26

Reaction 2.26 indicates that all the iron oxide produced by HCI regeneration is
solely present as hematite, however, magnetite is also present. The ERMS process would
not be suited to the high iron — low titania feedstock (T1) because of significant acid
consumption. Austpac has successfully produced direct reduced iron from the iron oxide

generated during the process [66].
Magpie process

The Magpie process was developed to process low-grade ilmenite that contain a minimum
of 11 weight. % TiO2 [82, 83]. llmenite is first leached with 35% HCI at 348 K under
atmospheric pressure in order to dissolve the iron and titanium oxide present and the leach
solution is filtered to remove acid insoluble gangue. Excess HCI is removed during an
evaporation step that concentrates the filtrate down to a slurry. Titanyl hydroxide
(TIO(OH)2) precipitates during evaporation while iron chloride remains in solution.

The slurry is fittered with the filtrate going to solvent extraction, where vanadium
and chromium are recovered using solvent extraction. The solution containing ferrous
chloride is hydrolysed to regenerate HCI and to produce Fe203. The TIO(OH). precipitate
is calcined in order to produce 95.8 weight. % TiO2.

The disadvantages of solvent extraction are that input of expensive reagents is
constantly required, as not all of the organic reagent is recycled. The toxic and flammab le

nature of solvents poses environmental and safety concerns presenting added costs to
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operators [84]. Increase in the number of impurities dissolved in solution results in

additional steps for separation and purification of metallic values [40].
2.3.3 Carbothermic reduction of ilmenite

Several investigations on the carbothermic reduction of ilmenite have been carried out
largely due to the commercial significance of the reaction as it is central to the Becher
and Benelite processes. CO gas or solid carbon have been utilised as a reductant where
several studies noted that below 1273 K the maximum percentage reduction (%R)
attained was 40%. However, above 1273 K the %R achieved approached 100%,
explaining why the Becher process is operated at 1473 K [85-88]. As the ilmenite particle
size decreased the rate of reduction observed increased [86, 89, 90].

Increasing the carbon addition from the stoichiometric to two times the
stoichiometric amount resulted in an increase in the rate of reduction and the extent of
reduction by accelerating the Boudouard reaction (see equation 2.27) and reducing the
diffusion path for CO gas [88]. However, further increase of the carbon to three times the
stoichiometric amount had a minimal effect on the rate of reduction, which agrees with
results by Wouterlood [91] that found significantly increasing carbon addition above the
stoichiometric requirement did not result in a meaningful increase in extent of reduction.

Increasing reaction temperature causes an increase in the rate of reduction,
however, above 1373 K TiO2 is also reduced to a certain extent [86, 88, 90, 91]. Operating
at higher temperatures increases energy costs and causes wearing of refractories.

Kinetics and mechanism of synthetic ilmenite reduction with graphite was studied
at temperatures between 1133 K to 1523 K by El-Guindy and Davenport [85] using
thermogravimetric analysis (TGA) apparatus under anargon atmosphere. It was observed
that as the reaction proceeds a product layer forms resulting in a decrease in reaction rate
which was explained as being due to inhibition of the solid-solid reaction (see equation
2.28). Analysis of the SEM images demonstrated phase segregation as reduced iron
particles coalesced at the periphery of the particles while the TiO2 was located between
the reduced iron at the periphery and the unreacted ilmenite present at the core of the
particle. It was found that an increase in the argon flow rate decreased the gaseous
reduction of ilmenite. The study stated this was due to argon gas penetrating the reaction
zone, decreasing the concentration of CO and CO2 gases, ultimately causing the decrease

in the Boudouard reaction.
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Figure 2.13 illustrates the variation with temperature of the CO/CO:2 ratio in
equilibrium with solid carbon at atmospheric pressure (see equation 2.27). At lower
temperatures CO2 is the dominant component, however, above 1273 K CO is the main

gas phase present.

CO,(g)+ C o 2CO(g) 2.27
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Figure 2.13. Variation with temperature of the concentration of carbon monoxide in
equilibrium with carbon dioxide and solid carbon at a total pressure of one atmosphere

[92].

El Guindy proposed that the mechanism for reduction is different depending on

the temperature:

Solid state reduction occurring from 1133 K

FeTiO; + C— Fe+ TiO, + CO(g) 2.28
Above 1293 K, the principal reaction is the gaseous reduction

FeTiO, + CO(g) » Fe+ TiO, + CO,(g) 2.29

Previous studies noted that above 1273 K the reduction of ilmenite was dominated
by gaseous reduction (see equation 2.29) due to the gas being primarily composed of CO,
as illustrated in Figure 2.13 [85, 88]. Below 1273 K, the CO2 composition of the gas
increase meaning reduction of ilmenite occurs largely due to solid carbon (see equation
2.28) which is slow as a result of the limited solid-solid contact area, whereas CO readily
diffuses into the particle explaining why different investigations observed an increased
rate of reduction above 1273 K [92, 93].

El-Tawil [86] studied solid-state reduction of ilmenite with charcoal under

nitrogen atmosphere in the temperature range 1273 K — 1473 K. At 1273 K, 30%R was
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the maximum achieved, whereas more than 97 %R was demonstrated at 1473 K and
formation of iron precipitate at the grain boundaries was witnessed. At 1473 K the ferrous
pseudobrookite phase was observed in the final product along with TizOs. El-Tawil
proposed a similar mechanism to that proposed by EI-Guindy and Davenport [85], where
the initial stage involved direct reduction of ilmenite with solid carbon giving off CO gas.
The second stage involved the gaseous reduction of ilmenite, using the CO generated
from the first step. El-Tawil proposed a similar mechanism to that proposed by El-Guindy
and Davenport [85], where the initial stage comprised of direct reduction of ilmenite with
solid carbon. The second stage involves the gaseous reduction of ilmenite, using the CO
generated from the first step.

Wouterlood proposed that reduction of pre-oxidised ilmenite, where Fe2TiOs and
TiO2 phases are present, initially proceeds according to equation 2.30. Subsequently
FeTiOs is reduced to Fe and TiO2 according to equations 2.28 and 2.29, with CO produced

by the Boudouard reaction (see equation 2.27).
Fe,TiO; + TiO, + CO(g) — 2FeTiO; + CO,(g) 2.30

However, after reduction at 1453 K ferrous pseudobrookite and metallic iron were
observed in the reduction products (see equation 2.31). Magnesium and manganese ions

reportedly stabilise pseudobrookite at elevated temperatures [94].
2FeTiO, + CO(g) — Fe + FeTi,0; + CO,(g) 231

Jones [87] reduced ilmenite and pre-oxidised ilmenite using CO gas as the
reducing agent at temperatures in the range of 1073 K — 1473 K. While the rate of
reduction for the natural mineral was higher the percentage reduction was greater for the
pre-oxidised mineral. Jones observed that below 1273 K the chemical reaction controls
the rate of reaction but above 1273 K the rate was controlled by diffusion through the
external gas film. Wang et al. [88] determined that below 1423 K the chemical reaction
was the rate-controlling step but above 1473 K diffusion through the product layer was
the rate-controlling step. Both studies observed a similar trend with respect to the
controlling regimes but the main difference was the temperature range these regimes were
the controlling step.

Jones [87] observed that reduction of natural ilmenite is topochemical, implying
that the gas was unable penetrate to the centre of particle until the final stages of reduction.

It was suggested that porosity provides better access for the reducing gas. Above 1273 K,
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significant sintering was observed inhibiting diffusion of gaseous reactants to unreacted
minerals; an operational challenge of performing out reduction at elevated temperatures.
[87, 91].

Wouterlood [91] carried out reduction of ilmenite and pre-oxidised ilmenite,
containing minor amounts of MgO and MnQ, using coal char at temperatures in the range
1173 K-1473 K.

Using CO gas as a reducing agent, Zhao and Shadman [96] investigated the
kinetics and mechanism of ilmenite reduction between the temperatures 1173 K and 1373
K. The proposed steps are the following:

1. Step 1. CO gas diffusion though the porous product layer of TiO2 towards the
unreacted core of grain particles.
2. Step 2. Reaction of CO gas with ilmenite core to produce TiO2 and Fe.

Accumulated iron at the reaction interface is separated by a layer of nonreactive

TiOx.

3. Step 3. Migration of Fe through the TiO2 layer away from the unreacted core to
the grain boundary.

4. Step 4. Iron nuclei are formed and grow outside and around the reacted grain
particles.

Steps 3 and 4 result in complete segregation of iron and TiO2 and at elevated

temperatures it was found that the iron grains coalesce.

The authors’ suggestion of metallic iron diffusion to the periphery differs with the
study by Kucukkaragoz and Eric [90] that stated that the Fe?* ions diffuses to the
periphery.

Kucukkaragoz and Eric [90] investigated the reduction of ilmenite with graphite
under argon gas at temperatures between 1523 K and 1623 K. It was proposed that

reduction proceeds via two steps:

1. First step happens at a higher rate with Fe3* reduced to Fe?*, followed by the
reduction of Fe?* to Fe. Also, Ti** is reduced to Tie*.

2. The second step occurs at a lower rate and involves the reduction of Ti®* to Ti*.

The first step proceeded via a shrinking core reaction with metallic iron present at
the periphery of the particle. The authors state that Fe2*ions diffuse to the periphery where
they are reduced to Fe resulting in the core of the particles being rich in titanium oxide

and low in iron.
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Various authors indicate that reduction of pre-oxidised ilmenite and ilmenite
containing Fe3* ion proceeds via two-stages, with the first rapid stage being the reduction
of Fe3* to Fe?*ions and the second slower stage being reduction of Fe2*ion to metallic Fe
[87, 91].

Wang [88] reduced ilmenite with graphite in the TGA system under argon gas
system between the temperatures 1123 K — 1673 K. It was observed that the reaction
proceeds rapidly in the initial stages before a decrease in the rate of reduction after 30
minutes. The authors observed that presence of impurities such as manganese, silica and
aluminium oxides inhibits reduction owing to a barrier effect occurring where Mn?* ions
replace Fe?*ions at the reaction interface before forming an enrichment zone that limits
CO diffusion and lowering Fe?* activity. Formation of fayalite (Fe2SiO4) due to the
presence of silica was said to inhibit reduction due to the decrease in iron oxide activity.
Cementite (FesC) was formed when reduction when performed at 1573 K.

2.3.4 Alkali roasting of titanium-bearing materials

2.3.4.1 Alkali roasting of ilmenite in air

Alkali roasting of ilmenite concentrates has been studied extensively. Foley and
MacKinnon [97] roasted 50 weight.% TiO2 ilmenite in air, with either Na2CO or K2COg,
at 1133 K. Sodium titanates were formed during roasting in air when Na:Ti mole ratio of
0.34:1 were used. However, as the Na:Ti mole ratio increased ternary compounds Na-Ti-
Fe-O became dominant. A similar observation was made when roasting ilmenite in air at
1133 K using K2COs. Acid soluble Fe2O3was formed when using low alkali carbonate
ratios even though Fe3* is not as readily leached as Fe?* [98] . The En-pH diagram
presented in Figure 2.14 shows that a pH below 4 and reduction of Fe3* to Fe?* is
favourable for increased dissolution of ferrous ions. Leaching the K-Ti-Fe-O ternary
complex with 20% HCI at 383 K for 2 hours yielded a residue that was primarily anatase.

Similar results were observed when leaching the Na2COs3 roasted products.
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Fe-Na-Ti-H20, 333 K
Na/(Fe+Na+Ti) = 0.3, Ti/(Fe+Na+Ti)=0.3, m=1.0
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Figure 2.14. En- pH diagram for the Fe-Na-Ti-H20 system [48].

Lahiri and Jha [99] investigated the kinetics and mechanism of soda ash roasting
of Bomar ilmenite (69 weight.% TiO2). It was observed that a product layer formed during
the roasting but the presence of a liquid phase prevented the oxygen diffusion resulting
in a carbon dioxide gas build-up causing the reaction to stop. Na>TiOs3, NaFeO2 and
sodium iron titanate were the phases observed after roasting.

The proposed mechanism involved two steps. In the first step, ilmenite reacts with
soda ash to form sodium titanate and sodium iron titanate ternary compounds. In the
second step, the Na-Ti-Fe-O ternary compound rearranges to form sodium ferrite and
releases TiO2 while causing strain in the lattice that results in cracking of the
microstructure. Na*ions were found to diffuse into the ilmenite lattice by replacing the
Fe?*ions, which in turn diffused out was oxidised and reacted with Na2O to form sodium
ferrite (see equation 2.32). Sodium ions caused strain in the ilmenite structure that led to
the formation of cracks in the grains. The roasted product was water leached followed by
leaching with an oxalic acid and ascorbic acid mixture at a pH below 4 to give a
97 weight.% TiO2 residue [98, 100].

Na,CO; + Fe,0; — 2NaFeO, + CO,(g) 2.32
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Work by Ephraim and Jha [101] found that when roasting ilmenite with soda ash
the surface of the grain was attacked and the pores were formed that allow sodium ions
to migrate into the core of the grain.

It was observed that while roasting ilmenite with potassium based alkali salts the
K*ions diffuse in a similar manner to Na*ions, when Na>COs is used during alkali
roasting. Diffusion of the K*ions caused strain in the ilmenite lattice resulting in cracking
of the microstructure [102]. As K*ions (133 pm) are larger than Na*(97pm), they result
in a greater change in the molar volume during roasting, inducing significantly more
strain in the ilmenite lattice [100].

Alkali roasting of ilmenite is more suitable for titanium-bearing minerals with
high TiO2 content and moderate iron oxide content as iron is lost as a waste product during
acid leaching. However, roasting in the presence of alkali salts introduces strain into the
lattice structure as a result of Na*/Fe?* cation inter-diffusion and causes macroscopic
cracks in the ilmenite microstructure resulting in increased porosity. Any enhancement in
porosity for interfacial and diffusion-controlled reactions is beneficial for carbothermic

reduction.

2.3.4.2 Alkali roasting of titania slag
Upgrading the TiO2 content of titania slags using alkali roasting has been extensively
investigated.

72 weight.% TiO2 Sorelslag™ ground to -45pm was roasted between 873 K to
1173 K with alkali salts - such as Na>COs, NaOH or NaCl - using 0.3:1 to 0.6:1
alkali:Sorelslag™ weight ratio.

Roasted samples were wet milled for 30 minutes to dissolve sodium chromates
and sodium vanadates, followed by filtration for recovery of the Cr.O3 and V20Os from
the filtrate. The milled solids were washed and subjected to two-stage acid leaching with
12% - 25% H2SO4. Subsequently, acid leached solids were washed and calcined at
1173 K to yield an upgraded slag containing 96 weight.% TiO2 [103].

Studies of soda ash roasting of titania containing 72 weight.% TiO2 have been
performed by Lasheen [104] and Dong et al. [105]. Lasheen roasted TiOz2slag in the
presence of Na2COgzat 1123 K using 0.55:1 Na2COzs:slag weight ratio primarily forming
NaFeTiOs and NazTiSiOs. Dong et al. performed roasting at 1173 K using 0.43:1
Na2COz3:Slag weight ratio with sodium titanate, sodium ferrite, sodium iron titanate and

sodium magnesium titanate being the phases present after roasting.
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In both studies roasted products were water leached followed by filtration to
separate the water-soluble sodium chromate and sodium vanadate. Lasheen [104] carried
out acid leaching of the water leached solids with 20% HCI at boiling temperature to
remove impurities, giving an 87 weight.% TiO2 residue. The high silica content made it
necessary to carry out 2M NaOH leaching at 333 K followed by washing and calcination
at 1173 K to yield a 97 weight.% TiO2 synthetic rutile.

Dong et al.[105] performed a two-stage acid leaching with boiling H2SO4 to
remove impurities while titanium oxide was also dissolved in the solution. Hydrated TiO>
precipitated from the solution was calcined at 1173 K to produce synthetic rutile assaying
over 95 weight.% TiOo.

Much of the research for alkali roasting of titania slag has focused on treating slag
with a TiO2 content above 70 weight.%, a grade is well above the 30 weight.% in the T2
material - suggesting the existing processes in the literature would not be suitable for the
T2 material [103-105]. Where the silica content of titania slag was found to be high, an
additional caustic soda leaching step was required [104], which is not the case in the alkali
reduction based process described in this report due to the formation of acid-soluble
phases during reductive alkali roasting.

Yahui et al [106] performed NaOH roasting of low-grade
titania slag (31 weight. % TiO2) at 823 K utilising 1.1:1 NaOHslag weight ratio to form
Na2TiO3 and NaMgSiO4, while the MgALO4 spinel remained intact. Roasted products
were washed and filtered followed by acid leaching of the solids to remove sodium oxide.
Acid leached solids were digested with 40% H2SOa4to form a TiOSO4 solution that was
subsequently hydrolysed to give hydrated TiO2. Doping and calcination of hydrated TiO2
yielded pigment grade rutile. While Yahui et al. [106] demonstrated an ability to upgrade
the TiO2 content of slag with a comparable amount of TiO> as the T2 material, the authors
used significant quantities of sodium hydroxide and were unable to decompose the
MgALO4 spinel phase. Characterisation of the T2 material given in chapter 4 highlights
the importance of decomposing the spinel phase to liberate vanadium ions present. In
contrast, the alkali reduction based process developed in this report uses less alkali salt
than Yahui etal. [106] and is shown to breakdown MgALOa4. Furthermore, application of
NaOH roasting on iron-rich materials, such as T1, would produce significant quantities

of iron oxide waste.
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2.3.4.3 Sulphation roasting of titania slag

Sulphation roasting of 75.7 weight.% TiO: slag has been documented by Elgar et at.[107].
Titania slag was mixed with 14 - 20 weight.% Na2SO4 before being contacted with an
SOz and Oz gas mixture in the 1073 K-1173 K temperature range for between 2 to 6 hours
to convert alkali earth oxides present to sulphates. Sulphated slag was leached in 1
weight.% HCI solution to solubilise MgO, MnO and CaO removing 90.4%, 95.3% and
97.5% respectively. HCI was necessary to aid leaching of CaSO4due to its limited
solubility in water, whereas in the alkali reduction based process described in this report
the use of HCI was not required to promote solubilisation of CaSOg after performing
sulphation roasting at a lower temperature for shorter period of time. The lower
temperature and shorter time used in this report has energy-saving benefits over the

sulphation roasting described by Edgar etal. [107].
2.3.5 Carbothermic reduction in the presence of alkali carbonates
2.3.5.1 Effect of alkali on gasification of carbon

Various authors have investigated the catalytic effect of alkali elements on the
gasification of carbon, however the mechanism of catalytic activity has not been clearly
explained [108-113]. Promotion of the Boudouard reaction is favourable for carbothermic
reduction as stated above due to the resulting increase in the rate of reduction. K2COs

reportedly has superior catalytic activity when compared to Na2COs3 [114].

2.3.5.2 Effect of alkali salts during carbothermic reduction of iron ore

Several investigations on the carbothermic reduction of iron ore with alkali salts have
observed that the presence of alkali promoted iron grain growth and extent of reduction.

High phosphorus iron ore was reduced in the presence of alkali sulphates by Zhu
et al [115], Li et al [116] and Bai et al. [117]. CaO and 15% Na,SO4were added during
reduction experiments at 1623 K by Zhu et al. Li et al. [116] carried out the reduction
with 7.5 weight.% Na>SO4and 1.5 weight.% borax at 1323 K ; the emission of SO gas
is a disadvantage of using Na2SOs4 with carbothermic reduction. Bai et al. performed
carbothermic reduction in the presence of 10% Na>COs at 1323 K.

The studies observed that alkali promoted growth of the metallic iron grains, aided
removal of phosphorus and led to the formation of sodium aluminosilicates. Carbothermic
reduction of high alumina iron ore in the presence and absence of Na2COs was

investigated by Chun et al. [118]. Larger iron grains were formed after reduction in the
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presence of 9 % Na2COzat 1323 K compared to experiments performed in the absence of
Na>COs. Na2COs reactions with SiO2 and AkOz formed sodium silicate and sodium
aluminosilicate, damaging the iron ore structure and enhancing separation of iron from

alumina during the subsequent magnetic separation step.
2.3.6 Effect of alkali carbonates on carbothermic reduction of ilmenite

Alkali has primarily been used a catalyst during carbothermic reduction of ilmenite with
the exception of work by El-Tawil et al. [119] where sodium titanate and metallic iron
were intentional formed.

Mohanty and Smith [71] studied the catalytic effect of alkali metals on the
carbothermic reduction of ilmenite, focusing on catalysing the Boudouard reaction to
increase CO formation which results in an increase in the rate of reduction, as reported
earlier in the chapter. The authors state catalysing the Boudouard reaction in the rotary
kiln could decrease the operating temperature and eliminate the need for the pre-oxidation
stage. Reaction mixtures of ilmenite, graphite and 5 weight.% alkali catalyst were ground
to less than 45 pm and reduced in a TGA furnace. Uncatalysed reduction was also carried
out and the results compared to experiments utilising the following catalysts: caesium
carbonate (Cs2C0O3); K2COz; Na:COg; lithium carbonate (Li2CO3) and rubidium
carbonate (Rb2CO3).

After reduction the samples were allowed to cool under the flow of argon gas to
prevent re-oxidation of the sample. Limited reduction was achieved during uncatalysed
reactions at 1133 K, however, significant reduction was observed above 1293 K similar
to what was observed by EIl-Guindy and Davenport [85]. For the catalysed reactions
significant reduction was observed below 1293 K as gaseous reduction dominated over
solid-solid reduction due to the catalytic effect of alkali.

The authors describe three reaction stages for alkali catalysed reduction:

1. The induction stage where the extent of reduction is small and where the
solid-solid reaction is dominant.

2. The acceleration stage where the rate of reduction increases and is
dominated by gaseous reduction with the Boudouard reaction being the
rate limiting factor.

3. The final stage when the reduction is largely complete and the rate of

reduction decreases. The authors state that this is either due to the
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challenges of the CO diffusing through the product layer or due to the

decrease in the surface area available for reduction.

It was reported that the reduction rate for the catalysed reactions was up to 5 — 20
times greater than the uncatalysed reduction, in the temperature range of 1273 K — 1373
K. The order of highest to lowest catalytic activity determined for the different alkali
carbonates was: CaCO3 > Rb2CO3 > LCO3 > K2CO3 > Naz2COs.

El-Tawil etal [119] reduced a mixture of ilmenite (42 weight.% TiO2), sodium
carbonate and charcoal in air in the temperature range 1273 K — 1473 K with reactions
carried out from 0.25 hours to 3 hours. The disadvantage of performing reduction
experiments in air is a failure to de-oxidise the furnace as has been done in previous
investigations of carbothermic reduction of ilmenite, where an inert atmosphere was
created using purge gas such as nitrogen or argon [59, 86]. The presence of air increases

the Pcoz/Pcoratio, which decreases the reduction of iron oxide, as seen in Figure 2.15
[39].

COICO+CO,
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Figure 2.15. Stability of iron oxides in CO-CO2 atmospheres [39].

Various carbon ratios were studied with the stoichiometric ratio based on the direct
reduction ilmenite (equation 2.28).

Maximum metallisation of approximately 85% was achieved when the reaction
was carried out at 1473 K with 30 weight.% Na2COgz and 4 times the stoichiometric
amount of carbon. Above 20 wt. %, the sodium carbonate was found to have a negligible
effect on the iron oxide reduction.
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Increasing the stoichiometric addition of carbon up to 4 times the stoichiometric
amount improved metallisation, however, above 4 times the stoichiometric amount there
was no significant increase in %R. Performing experiments in air may have demanded
the stoichiometric excess carbon usage.

At higher temperatures of 1423 K and 1473 K presence of Fe3C was observed.
Formation of sodium titanates was reported to cause breaking of the ilmenite lattice
creating a porous structure and promoting the release of iron oxides from the lattice,
ultimately enhancing reduction of these iron oxides.

After experiments carried out in the 1373 K - 1473 K temperature range the
NagTisO14, NasTiO4 and NazTiO3 phases were present along with sodium iron titanate

compounds. The Na2O-TiO2 binary phase diagram in Figure 2.16 indicates three eutectic

reactions:
i) NagTisO14 (N4Ts) and Na2TisO7 (N Tz)at 1258 K and 70.6 weight.% TiO2
i) NasTiO4 (N2T) and Na2TiO3 (NT) at 1135 K and 45 weight.% TiO2
iii) Na20 and NasTiO4 at 1123 K and 24 weight.% TiO2

The eutectic reactions show that molten titanates were present during the
experiment carried out by ElI Tawil. The presence of liquid phases that can inhibit the
diffusion of CO gas adversely affecting reduction is a disadvantage of performing

experiments at elevated temperatures [120].
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Figure 2.16. Na20O - TiO2 binary phase diagram [121].

Wet magnetic separation of the reduced samples was done to give magnetic and
non-magnetic fractions. Although the current of the magnetic separator was varied, high
recoveries for both iron and titanium dioxide was not demonstrated simultaneously. Table

2.2 shows that at 0.1 ampere significant quantities of iron reported to both the magnetic
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fraction and non-magnetic fraction while greater than 80% of the TiO2 reports to the non-
magnetic fraction. Formation of sodium iron titanate compounds that would report to the
non-magnetic fraction explains the poor recovery at 0.1 ampere. However, increasing the
current to 0.5 ampere increased the amount of Fe reporting to the magnetic fraction while
also increasing the amount of TiO2 reporting to the magnetic fraction to greater than 35%.
Sintering of sodium titanates at high temperatures owing to the presence of the liquid
phase could explain why the TiO2 content in the magnetic fraction increased
meaningfully. Carrying out reductive roasting experiments in air may explain why EI-
Tawil et al. were unable to achieve good separation as the reaction conditions were

inadequate for the complete reduction of iron oxide.

Table 2.2. Separation of iron and titanium dioxide after magnetic separation for sample
reduced at 1473 K.

) ) Weight.%
Ampere Fraction Weight.% Fe )
TIOZ
0.1 Magnetic 58.5 16.8
0.1 Non-magnetic 40.9 82.7
0.25 Magnetic 94.8 355
0.25 Non-magnetic 5.0 63.8

2.4 Recovery of vanadium oxides

Titanomagnetite concentrates are the source of 85% of the world’s vanadum bearing
minerals. A range of feedstock comprise the remaining 15% of vanadium chemical
supply. Table 2.3 provides a summary of the vanadium bearing minerals and their
respective V2Os content. It is evident from the table that the V2Os of the T2 material

exceeds that of several vanadium bearing feedstocks [122].
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Table 2.3 Vanadium bearing feedstocks [7, 8].

Feedstock V.05 content, % Product
Carnotite 18 Co-product
Vanadinite 18 Co-product
Patronite 30 Primary
Titaniferous _
. Primary and co-
magnetite / Iron 0.3-3.0
product
Sands
Vanidiferous clay 0.3-0.7 Primary
Phosphate rock 0.3 Co-product
) Co-product /
Bauxite / Red mud 2-14
secondary product
Roscoelite 20-25 Co-product
Fly ash residue 3-7 Secondary product

2.4.1 Pyro-hydrometallurgical processes
2.4.1.1 Processing titaniferous magnetite
The mined ore is subjected to physical beneficiation consisting of : crushing; grinding;
flotation (when necessary to remove gangue) and magnetic separation to give avanadium
enriched concentrate. Previously, Otanméki produced an ilmenite concentrate along with

the titanomagnetite concentrate.
2.4.1.2 Primary production of vanadium oxide from titaniferous magnetite

Primary production of vanadium pentoxide involves oxidative roasting of the
titanomagnetite concentrate in the presence of alkali salts at 1073 K to 1503 K in a rotary
kiln. Sintering of roasted products in the rotary kiln occurs at high temperature due to the
formation of the liquid phase and the presence of a liquid phase also inhibits the diffusion
of Oz [123]. Typical alkali salts used for roasting include Na;CO3s, Na2SO4 and NaCl.
Alkali reacts with coulsonite (Fe2V204) present in the titaniferous magnetite to
form water-soluble sodium vanadates and hematite (see equations 2.33, 2.34 and 2.35).
Standard Gibbs free energy change calculations presented in Figure 2.17 show that

reaction 2.33 is more thermodynamically favourable in comparison to reaction 2.34.
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Sodium chloride roasting occurs between 1073 K and 1173 K for maximum effectiveness.
However, roasting with NaCl requires the presence of water vapour even though corrosive
HCI gas is generated (see equation 2.35) [124]. In the absence of H20, reaction 2.36 is
less favourable as it has a AG®1073k Of -208 kJ.mol! compared to -273.246 kJ.mol?* for
reaction 2.35, asseen in Figure 2.17. Sodium carbonate roasting is carried out in the 1173
K to 1473 K temperature range, whereas sodium sulphate roasting is typically performed
in the temperature range of 1473 K-1503 K, owing to its higher melting temperature. A
mixture of alkali salts are often utilised to improve the economics of the process, typically
Na2CO3z and Na2SO4 are used in combination [7, 123, 125].

Na,CO; + 1.250,(g) + FeV,0, — 0.5Fe,0; + 2NaVO; + CO, (g) 2.33
Na,SO, + 1.250,(g) + FeV,0, — 0.5Fe,0; + 2NaVO; + SO5(g) 2.34
2NaCl + 1.250, (g) + FeV,0, + H,0(g) — 0.5Fe,0; + 2NaVO, + 2HCI(g) 2.35

2NaCl + 1.750,(g) + FeV,0, — 0.5Fe,0; + 2NaVO; + Cl, (g) 2.36
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Figure 2.17. Standard Gibbs free energy change calculations for alkali roasting in air of

coulsonite [35].

CaO present in the concentrate results in the formation of water-insoluble calcium
vanadates which adversely affects the recovery of vanadium oxide during the subsequent
water leaching stage. Therefore, CaO content of less than 1.5 weight.% in the titaniferous
magnetite is preferred. Feedstock containing less than 3 weight.% SiO2 is favoured as
formation of low-melting sodium iron silicates occurs, trapping vanadium oxides as an
insoluble solid solution [123]. The alkali reduction based process detailed in this report

is capable of treating material with greater than 3 weight.% SiO2and 1.5 weight.% CaO.
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The alkaline roasted residue is leached in hot water to solubilise the sodium-
vanadate, with the T1- type solids sent to tailings storage. The resulting leach solution is
fittered and sent for vanadium oxide separation and purification. The application of alkali
roasting in air followed by water leach shall be referred to as alkali roast-water leach
process, as this methodology is applied to various feedstocks. Typically, 60% to 80% of
V20s s recovered from titaniferous magnetite using the alkali roast-water leach process
[122].

Substantial amounts of iron oxide-rich tailings, such as T1, are generated by the
alkali-roast water leach process and highlights its limitations when compared to the alkali
reduction based process presented in this report, where TiO2, V20s and Fe can be
recovered from titanomagnetite feedstocks. Accumulation of significant tailings
stockpiles presents an environmental hazard due to the risk of vanadium ions leaching out
into ground soil [9]. The iron-rich tailings material is often not suitable for blast furnaces
unless it is blended with hematite owing to the TiO2 content of up to 20 weight.%, except
in the case Otanméki operations where the tailings material is a saleable
product [122, 126]. The TiO2 present adversely affects the viscosity of slag produced
during blast furnace operation. Presence of chromite in the titanomagnetite concentrate
represents athreat to the environment due to the formation of highly toxic Cré*ions during

oxidative alkali roasting [127] (see equation 2.37).
2Na,CO; + 1.750,(g) + FeCr,0, — 0.5Fe,0; + 2Na,CrO, + 2C0, (g) 2.37
2.4.1.3 Co- production of vanadium oxide from titaniferous magnetite

Co-production of steel and vanadium pentoxide from titanomagnetite concentrates
enhances valorisation of the material. Initially, the concentrate is pre-reduced in a rotary
kiln with coal in the presence of CaO and SiO: at temperature of up to 1413 K. Pre-
reduction decreases energy consumption during the subsequent smelting step where the
CaO and SiO2 act as fluxing agents. Smelting of the pre-reduced concentrate at 1623 K
in an electric arc furnace produces molten pig iron containing dissolved vanadium along
with a low-grade TiOz2 slag, such as T2 [124].

After the low-grade titania slag has been tapped off, the molten pig iron is
transferred to a shaking ladle where it is oxygen lanced to transfer the vanadium to the
slag phase, forming FeV204spinel in the slag [128]. Oxygen addition is controlled ensure
a limited amount of molten pig iron is oxidised to FeO, which oxidises V and serves to

flux vanadium oxide into the slag phase [126].
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Vanadium slag contains between 12 weight.% and 24 weight.% V20sdepending
on the origin of the concentrate. Molten pig iron is sent for steel production. Vanadium
slag can be used directly for ferrovanadium production or subjected to alkali roasting —
water leach process for recovery of vanadium oxides. The presence of chromite spinel
presents a considerable challenge as the Cr2O3 content in the slag can approach up to 6
weight.% .

China and Russia have developed modified blast furnace operations for the
production of steel and vanadium oxides from the titanomagnetite concentrates [129].
The V205 content of the slag from these countries varies between 10 weight.% and
18 weight.% V205 [7].

While co-production of vanadium oxide and vanadium chemicals from
titanomagnetite concentrate is able to recover iron — as steel — and vanadium oxide
present, generation of considerable amounts of low-grade TiO2 slag is a negative aspect
of co-production from titanomagnetite concentrates. The alkali reduction based process
presented in this report demonstrates a route for extraction of iron, titanium dioxide and
vanadium oxide while not producing the large quantities of waste associated with co-

production of vanadium oxide from titanomagnetite concentrates.

Direct reduction of titanomagnetite concentrate

Several studies of titanomagnetite concentrate solid-state reduction have been carried out
where it has been determined that reduction is slower compared to magnetite due to the
existence of titanium cations that make titanomagnetite more thermodynamically stable
[130]. The standard Gibbs free energy change for reduction of Fe3O4 (See equation 2.38)
at 1473 K is -78 kJ.mol! compared to -56 kJ.mol?! for reduction of Fe2TiOa (see equation
2.39). Carbothermic reduction of titanomagnetite performed at a temperature of 1623 K

was necessary to attain 97% reduction [131].

Fe;0, + 4C — 3Fe + 4CO(g) 2.38

Fe,TiO, +2C — Ti0, + 2Fe + 2C0(g) 2.39

Oxidation roasting of titanomagnetite concentrate before succeeding reduction
has been reported to enhance the reduction process, similar to what has been observed
with ilmenite [132]. Chen et al. [133] pre-oxidised titanomagnetite concentrate in the
1173 K to 1473 K temperature range to enhance the porosity of the concentrate.

Carbothermic reduction of the pre-oxidised concentrate at 1473 K in the presence of
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3 weight.% Na2COs resulted in 97 %R compared to 85 %R for the pre-oxidised
concentrate reduced in the absence of Na2COs. Pre-oxidation is an energy—consuming
step that is avoided by the alkali reduction based process described in this report whilst

still achieving a high degree of reduction.

2.4.1.4 Extraction of multiple metallic values from titaniferous magnetite

Jena et al. [134] smelted titanomagnetite concentrate at 1823 K in the presence of carbon
producing 99% pure iron with titanium and vanadium oxides reporting to slag phase. Soda
ash roasting of the slag at 1223 K followed by water leaching at 353 K was performed to
recover up to 89% of the vanadium present in the slag. Two-stage leaching of the water
leach residue utilising 20% HCI at 378 K yielded a 82 weight.% TiO2 residue. The process
given by Jena etal. [134] could not be applied to the T2 material as the material contains
a limited amount of iron oxide. The process requires multiple high-temperature stages to
produce iron and vanadium oxide, while producing a lower grade of TiO2 compared to
the TiO2 produced in this report.

An initial step of direct reduction of titanomagnetite concentrate using coal and
up to 3 weight.% Na>COszat 1473 K followed by magnetic separation of the reduced
sample to yield an iron concentrate powder and a titanium-vanadium slag has formed the
basis of sewveral studies for tri-metal extraction from titanium  magnetite
concentrate [135-137]. The temperature utilised in the studies for the direct reduction of
titanomagnetite concentrates with a catalytic amount of Na.COsat 1473 Kis well above
the temperatures used in this report, highlighting the importance of adding sufficient
quantities of sodium carbonate during the reduction stage [135-137]. After reductive
alkali roasting clear separation of an iron-rich magnetic fraction from a non-magnetic
titanium-rich fraction and water-soluble sodium vanadate was demonstrated in this study,
avoiding the need for the additional steps used in the existing processes described below.

Chen et al. [135] desilicated the titanium-vanadium slag by flotation and alkaline
leaching. The desilicated slag was subjected to sodium hydroxide roasting at 773 K in air
using a 1:1 slag;NaOH mass ratio forming sodium titanate, sodium vanadate and sodium
ferrite, an additional step that is not required in the process given in this study due to the
formation of sodium titanate and sodium vanadate during reductive alkali roasting. Water
leaching at 323 K to solubilise sodium vanadate was performed and the solution separated
for vanadium oxide recovery. Sulphuric acid treatment of the water leached solids

forming a titanium oxysulphate solution was carried out followed by hydrolysis to
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precipitate TiO2.H20. Hydrated TiO2 was calcined at 1073 K to give an anatase residue
containing 98 weight.% TiO>.

Vanadium-titanium bearing non-magnetic fraction was leached in 6 M HCI
solution at 423 K for 4 hours in order to dissolve vanadium, chromium and iron by Zhao
et al. [136]. Vanadium and chromium were recovered from the solution using solvent
extraction. 4.5 M NaOH leaching at 353 K was performed to remove residual silica
present yielding a 93 weight.% TiO2 slag. However, TiO2 slag material produced is not
suitable for chlorination as the residual V20sand Cr203content of 0.54 weight.% exceeds
chlorination feedstock limits. The alkali reduction based process presented in this report
avoids the need of additional alkaline leaching for desilication and solvent extraction for
vanadium recovery, providing a simpler extraction method over the described literature.

Zhong et al. [137] carried out two-stage HCI leaching on the V-Ti slag for
vanadium oxide and titanium oxide extraction. Impurities including CaO, MgO, Al.O3
and SiO2 were extracted during the first stage 5% HCI leaching at 377 K for 2 hours. The
second stage leaching using 10% HCI and 30% hydrogen peroxide at 423 K for 1 hour
yielded an 83 weight.% TiO2 slag and an acid leaching solution enriched with vanadium.

Calcination of the acid leached slag upgraded the TiO2 content to 92.5 weight.%.
2.4.2.1 Recovery of vanadium oxides from other feedstocks

The high gangue content of the EHSV TiO2 slag (T2) makes the alkali roast-water process
unsuitable for treating the material. A study by Lekobotja et al. [138] involved roasting
the material in air with up to 15 weight.% Na2COsand in a temperature range of 1373 K
to 1473 K followed by water leaching. A maximum vanadium recovery of 27% was
attained and the refractory MgAlLO4 was still present in the material. The low recovery
of vanadium oxide demonstrates that the existing alkali salt roast — water leach process is
not suitable for treating the T2 material.

Smelting of phosphate rock in the presence of silica and coke at 1473 K — 1773 K
produces P4 gas, which is condensed using water to give white phosphorus. Slag and
ferrophosphorus containing up to 7 weight.% V2Osand up to 5 weight.% Cr2O3zare by-
products. Ferrophosphorus is subjected to the alkali salt roast-water leach process where
typical alkali salts used are a mixture of Na2COsand NaCl [7, 123].

Vanadium clays are subjected to alkali roasting-water leaching process for the

recovery of vanadium pentoxide [7, 123].
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Gomez-Bueno et al. [139] extracted 85 % of the vanadium in Alberta tar sands fly
ash by NaCl roasting with water vapour at 1198 K followed by 2M NaOH leaching at
371 K. Vanadium ions locked in the silica-alumina matrix made alkali roasting more
appropriate over the conventional hydrometallurgical processes used to treat fly ash
residues.

2.4.2 Hydrometallurgical processes

Hydrometallurgical methods using alkali or acid account for co-production and secondary
production of V20s. Alkaline leaching is considered to be more selective and is utilised
when acid-consuming gangue are present, however, acid leaching kinetics tend to be
superior compared to alkaline leaching [140]. The limited selectivity of acid means that
separation is typically achieved by solvent extraction or ion-exchange [7]. The En-pH
diagram shown in Figure 2.18 demonstrates that vanadium ions are soluble in acidic and

alkaline conditions.
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Figure 2.18 En —pH for V-Fe-H20 system at 298 K [48].

Co-production of alumina and vanadium pentoxide occurs from bauxite
containing high levels of V20s. In the Bayer process bauxite is digested with NaOH

forming sodium aluminate and water-soluble sodium vanadate, where V20sis purified
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from the Bayer liquor enriched with vanadium [123]. Further processing of the sodium
aluminate yields AkLOs and red mud as a waste product of the Bayer process.
Okudan et al. [141] attained 79% vanadium extraction by single stage 353 K water
leaching of Bayer process waste. Two stage hot water leaching followed by 2M H2SO4
leaching with Na>SOs achieved 95 % vanadium extraction from Bayer process waste
containing 14 weight.% V205 [142].

Alkaline leaching of uranium-bearing minerals, such as carnotite, is appropriate
when acid-consuming gangue such as calcite (CaCO3)is present. The greater selectivity
of alkaline leaching over acid leaching decreases the quantity of impurities that need to
be removed downstream. Use of alkali carbonates, including Na>COz and NaHCOs,
results in the formation of sodium uranyl vanadate. Alkali roasting of the sodium uranyl
vanadate yields water-soluble sodium vanadate and an insoluble black oxide of
uranium [143].

Carnotite, the uranium-vanadium ore, was a major source of vanadium before
significant quantities of titanomagnetite were processed. Acid digestion of carnotite
dissolves uranium and vanadium ions. Solvent extraction is performed to first remove the
uranium ions from solution. The vanadium ions in the remaining solution are reduced by
the addition of iron powder and VOSOg4 is separated by solvent extraction and
subsequently purified.

Phosphate rock is acid leached with H2SO4during the manufacture of phosphoric
acid dissolving the vanadium in the process. The acidified solution is sent for purification
for recovery of both vanadium pentoxide and phosphoric acid [7, 123].

Recovery of vanadium oxides from heavy oil and coal fly ash residues from power
plants has been extensively researched as these residues contain up to 7 weight.% V20s
and up to 4 weight.% NiIO. Oil residues and spent catalysts are typically digested with
H2SO4, often with the sparing of SO2gas to ensure reducing conditions are present,
forming VOSO4 which is purified using solvent extraction or ion-exchange.

Alkaline leaching techniques have also been applied for the reclamation of
vanadium oxides from fly ash residues, where the choice of lixiviant is dependent on the
mineralogy of the fly ash residue. Navarro et al. [144] achieved 98% vanadium extraction
after 0.5M H2SOq4 leaching for 24 hours at room temperature compared to 90 % vanadium
extraction after 2M NaOH leaching for 24 hours. However, iron, nickel, aluminium and
silicon were also solubilised during acid leaching, whereas only aluminium and silicon

were dissolved during alkaline leaching. Vanadium oxide recovery by solvent extraction
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was demonstrated for both acidic and alkaline leachates. Selective precipitation was
effectively applied to alkaline leachate. However, it was not possible to establish optimum
conditions for selective precipitation from acidic leachate owing to the presence of
impurities.

Pre-roasting of the fly ash before leaching was been found to enhance vanadium
recovery provided the roasting temperature did not exceed 1223 K, as above this

temperature less leachable V-Ni refractory compounds were formed [145, 146].

A summary of vanadium-bearing feedstock processing and purification is
presented in Figure 2.19.

Bauxite/ Uranium
Bayer -
Phosphate | | Titaniferous | | Vanadium| | process | |vanadium Fly ash Phosphate
rock magnetite clays waste ore residues rock
Smelting Alkaline leaching
Sodium
Ferro- Vanadium uranyl . .
phosphorus slag vanadate Acid leaching
Alkali roast-water leach
Selective precipitation Solvent extraction / ion-exchange

Figure 2.19 Summary block diagram for processing of vanadium-bearing feedstocks.

2.4.3 Separation and purification of vanadium oxides
Separation and purification of vanadium dissolved in solution is typically done by

selective precipitation or solvent extraction.

2.4.3.1 Selective precipitation
Vanadium oxides solubilised by alkali roast - water leach process or alkaline
leaching are recovered by selective precipitation as ammonium metavanadate (AMV)

[147]. The greater selectivity of alkali salts for vanadium oxides results in a solution
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containing fewer impurities, such as SiO2 and AkOs which are present as Na2SiO3 and
NaAlOz2, respectively [123].

The pH of leachate containing sodium vanadates is usually above 12 allowing for
selective precipitation of impurities by adjustment of the solution pH. Different plants
employ varying methods for removal of impurities from the solution. Addition of the
AL(SO4)s3 at the appropriate pH can be used for desilication of the alkaline solution,
according to equation 2.40. Alternatively, the pH of the solution may be lowered to 8
with a mixture of H2SO4and Al(SO4)s (see equation 2.41), where desilication is not

required the solution pH is decreased to 8 in order to precipitate AI(OH)s.
Si0, + AlL,(S0,); — ALSiO. + 3S0,(g) 2.40
3Na,0.2Si0, + 2NaOH + AL,(S0,), — Na,0.Al,0,.6Si0, + Na,S0O, + H,0 2.41

Following separation of impurities from the solution, acid is added to decrease the
pH from 8 to between 4 and 6. Ammonium salts such as (NH4)2SO4 or NH4Cl are added
to the acidified solution which is then agitated to form AMV that precipitates from
solution, according to equation 2.42 and 2.43 [148]. Ammonium salt choice is dependent
on the acid utilised, where (NH4)2SO4is used in conjunction with H2SOswhile NH4Cl is
used with HCI. Utilising H2SOa4to lower the solution pH results in the formation of
Na2SOs, which explains why certain plants perform alkali roasting with Na>SOs4 or a
Na2S04—Na2COz mixture as it makes the process more economical due to recycling.
Alkali roasting processes using NaCl alter the leachate pH with HCI to produce NaCl that

can be recycled.
2Navo, + (NH,),SO, - 2NH,VO, + Na, SO, 2.42
2NaVO, + 2NH,Cl - 2NH,VO0, + NaCl 2.43

Calcination of AMV at 723 K'is carried out to yield V205 0f99% purity and giving

off NH3 and water vapour according to equation 2.44.
2NH,VO; — V,0, + NH;(g) + H,0(g) 2.44

Selective precipitation of vanadium oxides form acidic solutions can be used,
however, the technique is not as effective compared to alkaline solutions [144]. The
limitations of selective precipitation of vanadium oxide from acid medium highlight the
challenges faced by the sulphuric acid based EHSV process for recover of vanadium

oxide during treatment of T2 material [58]. Vanadium ions in solution are oxidised to the
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pentavalent state by the addition oxidants such as sodium chlorate, sodium hypochlorite,
hydrogen peroxide or sodium nitrate. Increasing the solution temperature to 368 K-373
K followed by raising the pH to between 2 and 3 using Na>CO or NaOH results in the
precipitation of sodium hexavanadate (NasVeO17) referred to as red cake. Co-
precipitation of iron oxides with red cake occurs when iron ions are present in the acidic
solution [149].

Air drying of red cake gives a residue containing 83 weight.% to 86 weight.%
V20s. Roasting of the air-dried red cake solids vyields black cake
86 weight.% - 92 weight.% V20Os. Purity of V2Osmay be increased by dissolving red cake
in Na2COgs solution followed by observing the selective precipitation procedure for
recovery from alkaline solutions to produce AMV which can be calcined to give high-
purity V205 [123, 124].

2.4.3.2 Solvent extraction

Recovery of vanadium oxides from acidic solution is typically done by solvent extraction
where amines or acidic organophosphorus reagents are used.

Di(2ethlyhexyl)  phosphoric  acid (D2EHPA), bis(2,4,4-trimethylpentyl)
phosphinic acid (CYANEX 272) and 2-ethylexyl phosphonic acid mono 2-ethylexhyl
ester (EHEHPA) are examples of common acidic organophosphorus extractants
employed, which are often dissolved in kerosene.

Treatment of the leachate in mixer-settler units facilitates extraction of vanadium
(IV) and vanadium(V) ions by D2EHPA from the aqueous phase to the organic phase. A
pH in the region of 2 is maintained, where the reaction proceeds according to equation
2.45. HA represents acidic organophosphorus reagent [43].

nVO%* + m(HA), - (VO),(A) 3 (HA) oy + 2nH* 2.45

Co-extraction of ferric ions is a disadvantage of utilising D2EHPA as an
extractant, however, this can be overcome by reduction of Fe3*ions to Fe2* using metallic
iron, sodium sulphide or sodium sulphite [150, 151]. However, pentavalent vanadium
jons are also reduced to the tetravalent state, which is favourable as vanadium in the
tetravalent state is more readily extracted in the presence of D2EHPA [152, 153].

Vanadium complexes are stripped from the loaded organic phase utilising
mineral acids or bases [144, 147]. Sodium chlorate is added to the strip solution to oxidise
vanadium ions to the pentavalent state and sodium carbonate is added to precipitate red

cake. The red cake is re-dissolved in Na2COs3 order to give high purity V20s, as described
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earlier. On the other hand, ammonium salts can be added to the strip solution to precipitate
AMYV which can be calcined to yield V20s [151]. The barren organic phase is regenerated
so that it can be recycled [4].

Alternatively, anionic amines can be used instead of acidic organophosphorus
extractants. However, only pentavalent vanadium ions form complexes with amines,
therefore, an oxidant such as H20: is typically added to ensure that only V°*ions are
present. Amines are able to form complexes with vanadium ions over a larger pH range
compared to acidic organophosphorus reagents [154], where the reaction proceeds

according to equation 2.46, when tertiary amines are utilised.

H,V,,05% + 4R3N,§‘S—O4 - 4R3N,‘1§2V10028 + 4HSO; 2.46

Quaternary amine Alamine 336, primary amine Primene 81R and quaternary
ammonium salt Aliquat-336 have proven effective in vanadium oxide extraction [144,
154-156]. Ammonia solution can be utilised to strip vanadium from amine complexes
forming AMV as a result [152]. Use of a base to strip vanadium ions can be followed by
addition of ammonium salts to the strip solution in order to form AMV [156].

Navarro et al. [144] reported that selective precipitation was more effective for
recovery of vanadium oxides from alkaline solutions than solvent extraction.

Solvent extraction often requires several stages before AMV can be precipitated

which is a disadvantage compared to selective precipitation [4, 40, 43].
2.5 Chapter Summary

Vanadium is present in solid solution with magnetite as coulsonite (FeV204), where V3*
ions (61 pm) readily substitute for Fe3*ions (65 pm) in the inverse spinel. Ti** ions occupy
octahedral sites in the titanomagnetite matrix where charged coupled substitution with
ferrous ions occurs. limenite can occur separately in beach sands but is often present in
titaniferous magnetite due to subsolidus oxidation.

TiO2 pigment production utilising the chloride process is favoured due to lower
waste generation compared to the sulphate process. Technologies similar to the sulphate
process have been developed for treating T2 material, consuming large quantities of
sulphuric acid.

Commercial synthetic rutile production is achieved by Becher and Benelite
processing of ilmenite sands, however, a TiO2 content of greater than 50 weight.% is
required, which is greater than the T1 content and iron oxide waste is generated by Becher

and Benelite processes.
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Smelting ilmenite recovers iron in the form of pig iron and produces titania slag.
TiO2 slag suitable for chlorination is generated by smelting ilmenite sands, whereas
smelting rock ilmenite produces sulphate slag. Iron-rich tailings (T1) TiO2 content is
below the limits necessary for smelting. The UGS process developed to upgrade sulphate
slag was applied to T2 where a maximum 75 weight.% TiO2 was achieved, with MgALO4
remaining as a significant impurity. In this report alkaline reduction is shown to
decompose the spinel phase, whereas alkali roasting performed by multiple authors failed
to breakdown MgAlLO4, which hosts vanadium ions. Failure by Lekobotja et al. [138] to
decompose the spinel may explain their limited vanadium oxide recovery.

Alkali roasting of ilmenite has been shown to enhance its porosity during roasting.
Reductive alkali roasting of ilmenite at 1473 K failed to effectively separate iron from
titanium dioxide. Addition ofalkali salt during the reduction of titaniferous magnetite has
been limited to the use of catalytic amounts where carbon gasification was enhanced and
increased porosity observed. Methodologies developed for extraction of multiple metallic
values from TM have involved several high temperature steps or the use of expensive
reagent such as NaOH at >573 K. State-of-the-art technology is unsuitable for
simultaneous recovery of metallic values from T1 and T2 materials owing to the gangue
content of T2 and the low TiO2 content of T1, however the process presented in this report
has demonstrated recovery of multiple metallic values from the waste materials.

The process described in this report is shown to be able to treat feedstock of
varying composition without significant addition of processing steps, as shown by
treatment of T1 and T2, whereas the existing processes are often limited to materials that
meet certain criteria or require additional steps, such as in the case of caustic soda
leaching for silica removal.

2.6 Objectives of the study

e Characterise T1 and T2 materials to determine distribution of metallic
values and chemical composition.

e FEvaluate thermodynamics of reduction reaction in the presence and
absence of alkali carbonates for determining the conditions for separating
metallic values.

e Investigate the kinetics and mechanism of reductive alkali roasting of T1
and T2 mineral wastes.

e Study alkali reduction of T1 and T2 in semi-continuous operations using

a rotary kiln and determine the influence of operating parameters.
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Demonstrate the conditions for separation and purification of TiO2, V20s,
AkLO3zand Fe (only T1) from reduced samples.
Develop block flow diagram for processing T1 and T2 and perform

material and energy balance.
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3 Materials and Methods

Chapter 3 details the materials used in this study, together with the experimental

procedure and characterisation techniques employed.

3.1 Materials

Iron-rich tailings (T1) from oxidative salt roasting of titanomagnetite concentrate and
low-grade titanium dioxide slag waste (T2) from smelting of titanomagnetite concentrate
of South African origin were used in this study. Thermal decomposition and
characterisation of South African titanomagnetite concentrate has been carried out for this

investigation, with results presented in Chapter 4.

A list of the chemicals used is the experiments and analysis is presented in Table 3.1
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Table 3.1 List of chemicals used in the investigation.

Chemical Supplier Purity (%)
Sodium Alfa Aesar 98
carbonate
Activated VWR i
charcoal
Coal Elithe ni 65 (fixed
Activated }
Chemviron -
carbon
Sodium Prime i
bicarbonate Chemicals
Sodium Scientific 90+
bisulphate Laboratory
Ferrous
sulphate Acros Organics 99+
heptahydrate
Potassium Fischer
carbonate Scientific 99.78
Lithium borate Spex sample 66.67 LiB4O7-
Sulphuric acid VWR 98
Hydroghlorlc VWR 37
acid
Ammon_lum Alfa Aesar 28
hydroxide
Argon
Pureshield BOC )
Carbon dioxide BOC -
Iron(111) oxide -
Calcium oxide Minerals water -
Magresium Aldrich 99+
oxide
Manganese Alfa Aesar 99.9
oxide
Alminium Alfa Aesar 99.99
oxide
Silicon dioxide | Sigma Aldrich -
Sodium Alfa Aesar 99.0+
sulphate
Chromlgm (1) Alfa Aesar 98+
oxide
Synthetic rutile Standards 92 (TiO2)
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3.2 Experimental Setup

3.2.1 Waste material preparation

Waste material (T1 and T2) up to 90mm in diameter was crushed to less than 3mm using
the Retsch® Jaw Crusher BB 200. Waste material sized less than 3mm was milled to the
appropriate size using the Retsch® RM200 mortar mill. Milled samples were sorted using

sieves of different mesh size to give fractions with the following size distribution:

i) -90 um

i) +90 pum -106 pm
iii) +106 um — 300 pm
iv) +300 pm -500 pm
V) +500 um -1180 um

3.2.2 High temperature treatment of feedstock materials

Using a mortar and pestle samples for high temperature treatment were thoroughly mixed
with the necessary reagents using the appropriate weights ratios. The mixtures were
subjected to carbothermic reduction in three types of furnaces. A summary of the masses

of materials studied in the different furnaces is presented in Table 3.2.
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Table 3.2 Summary of high temperature experiments.

Type of Material (g) Alkali Reductant Weight ratio
Furnace 9 | carbonate (9) (9) Material:Alkali:Reductant
Titanomagnetite
TGA | concentrate (2) i i
Activated
TGA T1 (1.65) - charcoal 1:0:.0.21
(0.35)
TGA | T1(141) |Na:COs(0.3) Chggg‘a’l?t‘(?g:g) 10.210.21
TGA | T1(1.35) |K:COs(0.28) Chggg‘;?t‘(ags) 1027021
Activated
TGA T2 (1.37) Na2C0O3(0.30)| charcoal 1:0.45:0.009
(0.012)
Activated
TGA T2 (1.38) Na2C03(0.62)| charcoal 1:0.45:0.004
(0.055)
Tube T2(50) | NaxCOs(20) Chggg‘;?t‘zj . 10.40.009
Tube T2(50)  |Na:COs(17.5) Chgg)";";‘“;j . 10.35:0.009
Tube T2 (50) | Na:COs(15) Chgg)";?t‘(ej . 1:0.3:0.009
Rotary Activated P
i T1 (200) Na:COs (21) | - = (46) 1:0.21:0.23
Rotary Activated A1
il T1(200)  |NaxCOs (3L8) . o (46) 1:0.16:0.23
Rotary Activated P
Kiln T2 (200) Na2CO3 (90) carbon (18) 1.0.45:0.009

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was adopted for investigating the weight changes

during phase transformation and chemical reactions in waste materials when heated in

different atmospheres in the temperature range 1073 K to 1323K. TGA analysis was

utilised for studying reaction kinetics and for phase decomposition studies.

A schematic diagram illustrating the TGA apparatus set-up is provided in Figure

3.1. For loading samples in the TGA balance, an alumina crucible was suspended from

the hook of a Sartorious microbalance, which has a sensitivity of 0.1mg. A silica tube was

used for separating the sample-containing crucible from ambient atmosphere. The tube

has an inlet for introducing desired gases to the system and an outlet for removing any

gases evolved from reactions.
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For heating the sample to a required temperature, the Lenton Furnace was raised
using a pulley drive to ensure that the alumina crucible with the sample was positioned
within the constant temperature zone of the furnace, as shown in Figure 3.1. The furnace
temperature was controlled with a Eurotherm 808 controller and a type-K thermocoup le
(Nickel-Chromium/Nickel-Alumel) with the end placed near the crucible providing the
feedback for maintaining the temperature. For isothermal experiments, the temperature
was set to the required temperature before placing the sample-filled crucible inside the
silica tube. For non-isothermal experiments, the crucible was placed in the silica tube at
ambient temperature and a constant heating rate of 5 K/minute was programmed into the
Eurotherm 808 controller to reach the required temperature.

SARTO COLLECT software and myPClab data logger were used for recording
the weight and temperature data every 10 seconds, respectively. Experiments in the TGA
apparatus were carried out under the flow of argon gas or compressed air utilising a
flowrate of 500 mL/min and 1 bar pressure.

The weight and temperature data collected were combined to produce a

percentage weight loss curves using ORIGIN PRO 9.1 software.

Micro-balance

850

Furnace controller| ..,
Thermocouple
___________________________ - Frmmm—————>
! ' Extraction
1 1
1 ( !
. !
S ant A
1
(. — 1 | 1
Q myPClab ! g AR
I
) ¢ Sartoconnect ! é I X
i e VL]
C I T 1 !
— —— L1 ] !
> | — 1
I
o |
I
(7)) Flowmeter | | Heating
(go} : N elements
1
w U

Figure 3.1. Schematic diagram of thermogravimetric analysis apparatus set-up.
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Tube furnace

Mixtures (waste material + Na.COz3 + activated charcoal) were placed in an alumina
crucible that was covered with a graphite block before being placed on a silica cradle.
The graphite block was used to create areducing atmosphere and a small hole was drilled
through it to allow evolved gases to escape. Argon gas was purged through the alumina
liner throughout the experiment to create an oxygen-free atmosphere with the regulator
set to 1.4 bar and the flow rate set to 1 L/min. The Eurotherm controller was used to set
the furnace temperature with a type-K thermocouple providing the temperature feedback
necessary to maintain the furnace temperature. Once the set temperature was attained the
cradle housing the alumina crucible was placed in the alumina tube for isothermal roasting
in reducing conditions, as seen in Figure 3.2. Off-gases produced were directed to the
extraction hood. After the allotted time the reacted samples were removed from the
furnace and allowed to cool to room temperature while covered by an alumina crucible,
in order to prevent re-oxidation of metallised iron. A schematic diagram of the tube

furnace setup is given in Figure 3.2.

Extraction

Alumina liner

A
1
1
1
1
1
1
1
1
1
1
1
| Heating elements
1

1

Silica cradle

Graphite block
Alumina crucible

%)
©
Qo
c
o
a0
—
<

Furnace controller

Flowmeter

Figure 3.2 Schematic diagram of tube furnace set-up, including argon purge gas and

extraction system.
Rotary kiln furnace

Figure 3.3 is a schematic diagram of the rotary kiln furnace setup. The feed (waste
material + Na2COs + activated carbon) for the rotary kiln was prepared by adding the

reagents in the required ratios and then mixing well using a mortar and pestle.
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The indirect-fired rotary Kiln had elements wound into the insulation surrounding
the alumina tube, asseen in Figure 3.3. Temperature for the electrically- heated rotary kiln
was set using a Siemens Simatic multi panel, with a heating rate of 573 K per hour.
Temperature feedback was provided by the type-S thermocouple (platinium-10%
rhodium/platinum). Once the temperature had reached the set point the mixture was fed
into the hopper of the rotary Kiln.

Argon gas was used to maintain an oxygen-free environment in the alumina tube.
The regulator on the rotary kiln was set to 300 mbar and the flowrate set to 2 L/min. The
Siemens multi panel was used to open the solenoid valve which allowed the purge gas to
flow through the tube. A pipe was attached to the nozzle on the rotary kiln to direct the
off-gases into the extraction system.

For each experiment, the rotary Kiln tube was purged with argon gas for 3 minutes
before the tube was raised to the appropriate angle of inclination by referring to the
gradometer. The tube rotation, feed screw and hopper vibration were set and activated
using the Siemens multi panel and this time was recorded as being the start of the
experiment. The feed moved down the tube, through the hot zone and after a certain
period of time fell into the collection bottle. The time when the sample began falling in
the collection bottle was recorded, to give the residence time. After sample stopped falling
into the collection bottle the heating elements and argon gas were turned off. Sample
collected in the bottle was allowed to cool down over a period of 20 — 24 hours. The feed
screw was removed and any sample present around the screw was placed in a sample bag.
The inside of the alumina tube was visually inspected for ring-formation. Any material
that remained in the tube was removed using a wooden rod, collected in the collection

bottle and the quantity recorded.
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Figure 3.3. Schematic diagram of rotary kiln furnace set-up including argon gas and

extraction system.

3.2.3 Processing of waste material reduced in the presence of alkali carbonates

Reduced T1 and T2 samples were ground in the Retsch® RM200 mortar mill for 30

minutes.
Magnetic separation

After grinding the reduced T1 samples were taken separately for magnetic separation so
that a magnetic Fe-rich fraction could be physically separated from a Ti-rich non-
magnetic fraction. The Wet Test Chute from Master Magnets Ltd, employing a NdFeB
magnetic system was used. This activity involved placing the reduced solids that had been
previously milled on the chute and washing with water and scrubbing with a brush to
liberate the non-magnetics, including water-soluble compounds. The non-magnetics
carried by the water were collected in a Nalgene beaker. The magnetic fraction remaining
on the chute was removed, dried and milled again so that two-stage magnetic separation
could be performed. The milled magnetic fraction was placed on the chute and separation
was carried out with the non-magnetics collected in the original Nalgene beaker. The final
non-magnetic fraction was then allowed to settle in order to accelerate subsequent
filtration. The magnetic fraction after the second separation was dried and kept for

smelting. The non-magnetic fraction was treated to recover TiO2 and the solution
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processed for alumina and vanadium pentoxide recovery. The T2 material reduced in the
presence of alkali carbonates was not subjected to magnetic separation owing to the low

iron content.
Water leaching

T1 non-magnetic fractions and reduced T2 samples were water leached separately to
solubilise the sodium vanadate and any other water-soluble compounds, namely sodium
aluminate. A magnetic stirrer was placed in a Pyrex beaker and water was added to
achieve the desired solid:liquid ratio , which varied from 15 g/mL to 1:10 g/mL. The
beaker was situated on the Stuart® UC152 hot plate. The rotation speed on the magnetic
stirrer was set to 200 rpm and the solids were poured into the beaker. The temperature of
the water leaching solution was set to 353 K using the hotplate temperature dial. AFiveGo
Mettler Toledo pH meter was used to monitor the pH and temperature of the leach
solution. At the end of the leaching the solution was filtered using Whatman® cellulose
filters. The solutions were kept for recovery of vanadium pentoxide and alumina, while

solid leach residues were subjected to acid leaching.
Smelting of magnetic fraction

Fe-rich T1 magnetic fraction was mixed with 0.5 weight percent graphite in a mortar and
pestle before being placed in an alumina crucible. The alumina crucible was covered with
a graphite block that had a hole drilled in it. The alumina crucible was placed in a larger
graphite crucible in order to maintain a reducing atmosphere.

Eurotherm 2132 and 2416 controllers were used to set the elevating hearth furnace
temperature to 1323 K. The Type R thermocouple (platinum-13% rhodium / platinum)
provided temperature feedback to the controllers. Argon gas was purged throughout the
experiment using 2.5 L/min flowrate at 1.4 bar pressure. The alumina crucible was
contained inside a graphite crucible that was placed on the furnace platform (see Figure
3.4). The furnace temperature was raised to 1723 K and the sample was held for 2.5 hours.
After 2.5 hours the graphite crucible was removed and covered by a larger alumina

crucible to prevent re-oxidation of iron.
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Figure 3.4 Schematic diagram of an elevating hearth furnace.
Acid leaching of water leached residues

Water leached T1 non-magnetic fraction was leached in a 0.5 M sulphuric acid (H2SO4)
solution for two hours at 313 K. The solid:liquid ratio of 1:30 g/mL was utilised. Acid
leaching of the water leached T2 residue was performed in a 0.5 M hydrochloric acid
(HCI) solution for two hours at 313 K using a 1.8 g/mL solid:liquid ratio. The pH and
temperature of the leaching solution were monitoring throughout the experiment using
the FiveGo Mettler Toledo pH meter. The acid leach residues were filtered and water
washed to remove any residual acid and water-soluble compounds. The dried residues
were characterised using X-ray powder diffraction (XRPD) and X-ray fluorescence
(XRF).

Recovery of vanadium pentoxide and alumina from solution

The filtered water leach solutions were evaporated on a hot plate to increase the sodium
vanadate concentration in the solution. Once the appropriate volume had been evaporated
the solution was filtered to remove any solids that precipitated during evaporation.
Carbon dioxide (CO2)gas was sparged into the solution to decrease the pH from 12 to 8.
The regulator onthe CO2cylinder was set to 1 bar and the flow rate setto 1 L/min. Sodium
carbonate was regenerated during this step as alumina was precipitated and solid
precipitates were subsequently filtered.

The pH of the filtrate was adjusted to 5 using H2SO4 followed by the addition of
stoichiometric excess of ammonium sulphate (NH4(SOa)2). The solution was agitated for

4 hours during which time the ammonium metavanadate (AMYV) precipitated and was
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subsequently filtered. Precipitated AMV was deammoniated in an ELITE muffle furnace
set to 723 K in order to produce a V20Os rich residue.

Sulphate roasting

Acid leached T1 residue was mixed with sodium bisulphate (NaHSO4) using the
appropriate ratios with the mixture placed in an alumina crucible. The mixture containing
NaHSO4was heated to 923 K and held for 1 hour. The calcined residue was water leached
to yield a TiO: rich residue, which was characterised using XRF and XRPD.

Acid leached T2 residue was calcined with NaHSO4for 2 hours at 923 K. Ferrous
sulphate was added during leaching of the roasted residue in order to solubilise calcium
sulphate. The resulting TiO2 residue was analysed using XRF and XRPD.

Alternatively, the acid leached T2 residue was intimately mixed with the H2SO4
and heated at 473 K for 3 hours. The resulting porous cake was water leached and filtered.
Titanium oxysulphate in the filtrate was hydrolysed at 353 K for 1 hour. The titanium
dioxide hydrate precipitate was calcined at 1173 K for 30 minutes to yield synthetic rutile.
Thermodynamic calculations
Thermodynamic calculations were performed using HSC Chemistry 5.1 software [35].
The software contains the necessary thermochemical databases for the standard Gibbs
free energy change, mass and energy balance calculations. Graphs representing the
thermodynamic data were produced using ORIGIN PRO 9.1 software.

FACTSAGE 6.4 [48] was used to compute En-pH diagrams, predominance area
diagrams and phase equilibria. FactSage utilises different pure substances and solution
databases for thermodynamic calculations, where the following databases were selected:
FactPS, SGPS, FToxid, FTsalt and FTmisc.

3.3 Characterisation techniques

As - received and treated samples were characterised by X-ray powder diffraction
(XRPD), X-ray fluorescence (XRF) and scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDX).

3.3.1 X-ray powder diffraction analysis

The incident beam generated in the x-ray tube is directed towards the sample. Crystalline
phases present have parallel planes of atoms with set interplanar spacing (d), also known

as d-spacing, between the planes. Diffracted beams from parallel planes interfere
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constructively when the path difference between them is an integer multiple of the
wavelength, therefore satisfying the Bragg condition (see equation 3.1) [157, 158].

nA = 2dsin 0 3.1

Where N is the order of reflection, A is the wavelength of the incident x-rays, 0 is the
angle of deflection/incidence and d is the space between planes.

A schematic illustration of the X-ray powder diffraction operation is given in
Figure 3.5. The incident beam is directed onto the sample. The X-ray source and detector
rotate at angle 0 while the sample remains stationary. The mtensity or counts recorded by

the detector are measured against the diffraction angle (20).

X-ray source

-

- ~ Detector
7 - = ~
Incident

beam \

— o =

Figure 3.5. lllustration of X-ray powder diffraction operation.
Sample preparation

Waste materials and treated materials were analysed using XRPD. Finely ground
samples were analysed with maximum 26 range between 5° and 85° using the Philips
X’pert machine with Cu K, (0.15417 nm) radiation. The acceleration voltage was 40 kV,
the current 40 mA and the step size 20 = 0.0334225°. Phases present in the powder
diffraction patterns were identified using the High score plus software which was
supported by the ICDD PDF-4+ database.

3.3.2 Scanning electron microscopy

In scanning electron microscopy an electron beam is directed onto the surface of the
sample where it interacts with the specimen and produces different signals, such as
backscattered and secondary electrons, that are collected by detectors [159], as
summarised in Figure 3.6.
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Electron beam

Characteristic x-rays Backscattered electrons

Auger electrons

Secondary electrons

Transmitted electrons

Absorbed electrons

Figure 3.6. lllustration of interaction between electron beam and sample emitting

different electrons and X-rays.

Backscattered electrons are high energy reflected electrons that have varying
energies depending on the atomic number of elements in the sample. Elements with a
high atomic number appear brighter than those with low atomic numbers [160]. The
average atomic number contrast makes backscattered electron imaging well-suited to
studying samples containing multiple phases and understanding their distribution,
particularly minerals. Secondary electrons are used for morphological and topographical
analysis of samples, and are emitted at lower energies compared to the backscattered
electrons.

Energy dispersive X-ray analysis provides additional information when analysing
the samples. Incident beam electrons displace electrons located in discrete orbital shells,
creating vacancies in the orbital shell. Electrons from higher energy orbital shells move
to fill the vacancy in the lower energy orbital shell releasing characteristic X-rays for each
element. The characteristic X-rays are used to produce elemental maps, linescan profiles
and EDX analysis results for chemical composition. The elemental composition of the
sample is determined by detecting the number and energy of the characteristic x-rays
emitted [159]

Sample preparation
Samples were placed in aresin mould (Diameter 2.5cm; Height 3.5cm) with a mixture of

5ml epoxy resin (EpoThin Epoxy Resin, Buehler) and 1.5ml epoxy hardener
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(EpoThin Epoxy hardener, Buehler) and allowed to cure for 24 hours. Mounted samples
were polished using Silicon Carbide paper (Buehler): P240; P600; P800; P1200: P2500
and P4000 on a Buehler MetaServ® 250 grinder-polisher. Polished resins were placed
onto stems, painted with graphite and coated with an 8 nm layer of iridium to prevent
charging.

Analysis of mounted samples was carried out using the variable pressure Carl
Zeiss EVO MAIL5 scanning electron microscopy machine, operated using a 20 kV
accelerating voltage, 8 mm working distance. An 80mm X-Max SDD detector was used
to obtain backscattered images of the samples. The Oxford Instruments
AZtecEnergy EDX system was employed to carry out elemental mapping, EDX
Point&ID analysis and to acquire linescan data - providing information that could not be
obtained by the XRD analysis, as amorphous phases and those present in minor amounts
are not be detected by the diffractometer. Limited analysis of samples was performed
using the ultra-high resolution Hitachi SU 8230 FE SEM.

3.3.3 X-ray fluorescence

XRF analysis was used to study the chemical composition of the waste material and
processed products. Samples are bombarded with high-energy X-rays beams displacing
ground state electrons creating vacancies in the orbital shell [161]. Fluorescence occurs
as electrons from higher orbital shells move to fill the vacancies emitting characteristic
X-rays in the process [162]. X-ray-fluorescence shares similarities with EDX, however,
the primary difference is that the wavelength dispersive XRF (WDXRF) machine
contains a crystal that diffract X-rays of a specific wavelength into the detector. WDXRF
machines are only able to detect one element at a time unless multiple crystals are
employed [163]. Wavelength dispersive spectroscopy results have superior resolution,
minimal spectral overlaps and greater sensitivity compared to the energy dispersive

detection techniques [164].

Sample preparation

As received and treated samples were analysed using X-ray fluorescence to determine
their respective chemical compositions. Samples were heated in air at 1173 K to
determine the loss onignition. Subsequently each sample was mixed with a lithium borate
flux in a platinum crucible using flux:sample ratio of 19:1 while ensuring a total weight
of the mixture was 7 grams. The platinum crucible was placed in the Katanax® K1 Prime

fusion furnace where a pre-set programme was operated. The molten flux-sample mixture
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was poured into a platinum mould by the fusion furnace and allowed to cool, forming a
fused bead. Fused beads were analysed using the Rigaku ZSX Primus Il multi-ele ment
wavelength dispersive X-ray fluorescence spectrometer with the ZSX Primus |1 software.
Samples were analysed using semi- quantitative (EZScan) and quantitative programmes.

The quantitative programme was developed by preparing a series of 23 standards
of known compositions with Fe20s, TiO2, V205, MgO,Ca0,SiO2,AL03,Mn0O, Cr20s,
Na2O (added as Na2CO3s) and SO3 (added as Na2SOa4). A commercial synthetic rutile
standard of known composition was used as the 24" standard. The 24 standards were
analysed using the EZScan and quantitative programmes with results of the analysis
presented in appendix Table A.1 and Table A.2, respectively.
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4 Phase analysis of materials

Chapter 4 presents characterisation of titaniferous magnetite, iron-rich tailings (T1) and
low-grade TiO2 slag (T2). Phase equilibria calculation results based on previous
processing of TM are compared with T1 and T2 phase analysis. Phase transformations of
TM heated in air and argon atmospheres in the 973 K-1273 K temperature are

investigated.
4.1 Phase characterisation

The feedstocks, T1 and T2, investigated in this study have been characterised using X-
ray fluorescence, X-ray powder diffraction and scanning electron microscopy. T1 and T2
are waste materials from processing South African titanomagnetite concentrate.
Therefore, South African titanomagnetite concentrate has been characterised to provide

insight into the raw material the waste products were generated from.
4.1.1 South African Titaniferous magnetite (TM) and iron-rich tailings (T1)

4.1.1.1 X-ray fluorescence of TM and T1

Chemical composition of the titaniferous magnetite given in Table 4.1 indicates that the
V20s concentration is within the range of 1 weight.% -2 weight.%, which is typical of
South African titanomagnetites [122, 124]. Silica content of 3 weight.% is at the limit of
what can be tolerated of the alkali roast-water leach process without adversely affecting
recovery of vanadium oxide [123].

Titanomagnetite concentrates subjected to alkali roast-water leach process for
primary recovery of vanadium yield iron-rich tailings waste material, such as T1. A
mixture of Na2COs and Na2SO4 were used for oxidative roasting at 1473 K of the
titanomagnetite concentrate that produced the T1 waste material.

Chemical analysis of T1 is presented in Table 4.1. Expectedly, the V2Os content
in T1 is lower than TM as the vanadium ions were extracted as a water-soluble sodium
vanadate during the previous processing that generated the waste material. The Na2O and
SOszcontent of T1 is higher than TM owing to the previous alkali roasting which resulted
in residual amounts of alkali salts remaining in the solids. lron oxide content of T1 and

TM are comparable.
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Table 4.1 Chemical composition of titaniferous magnetite and iron-rich tailings.

Weight. %|Fe,O3; TiO, V05 SO3 Na,O Al,O3; SiO; MnO CaO MgO Cr,03
™ 714 134 19 13 44 28 30 03 06 0.9 0.1
T1 665 11.7 03 21 56 5 58 03 16 04 -

4.1.1.2 X-ray powder diffraction of titaniferous magnetite and iron rich tailings

The XRPD pattern given in Figure 4.1a shows that TM is a solid-solution of magnetite
(Fes3O4)and ulvospinel (Fe2TiO4), where both minerals have isometric crystals [165, 166].
Peaks for ilmenite (FeTiO3) are also observed in the XRPD pattern due to sub-solidus
oxidation the TM underwent [32].

Evident from Figure 4.1b is that the main phases in T1 are ilmenite, hematite
(Fe203), ulvdspinel and magnetite. The peaks of FeTiOz and Fe2O3 overlap as both
minerals have a hexagonal crystal structure [16, 38]. Hematite and ilmenite are present
owing to the oxidation of magnetite-ulvospinel during the previous oxidative alkali

roasting that yielded the T1 waste material.

- _ 10000 4 b) 1=Fe,TiO,
10000 a) ; 1=Fe,TiO, 41 2=Fe0,

2=Fe,0, 2 3=FeTiO,

3=FeTiO, 8000 4 4 4=Fe,0,
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6000 4
6000
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Intensity (a.u)

Intensity (a.u)

4000 1

2000 3 2 2000 -

T v v . T T - . T T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26(degrees) 26 (degrees)

Figure 4.1 XRPD pattern for as received a) titaniferous magnetite and b) iron rich
tailings. 1 —Fe2TiO4, 2- Fe3O4 and 3- FeTiOz and 4-Fe20s.

4.1.1.3 Scanning electron microscopy of titaniferous magnetite and iron-rich

tailings
Titaniferous magnetite

The backscattered SEM image in Figure 4.2 shows the cloth-like interwoven

microstructure that is typical of the titanomagnetite concentrates [30].

70



20um

Figure 4.2 Backscattered SEM image of titaniferous magnetite at a) low magnification

and at b) high magnification.

SEM-EDX data show a fairly uniform distribution of elements where the
composition in Area C of Figure 4.3 corresponds to the magnetite phase enriched with
vanadium ions present as coulsonite (FeV204). Coulsonite is in solid solution with
magnetite and ulvospinel [17]. The dark grey areas represented by A and B in Figure 4.3
are aluminosilicates attached to the magnetite grain. Area B, adjacent to the magnetite
grain, contains 32.4 weight.% Fe compared to 1.0 weight.% Fe for area A. XRPD phase
analysis shown in Figure 4.1a of TM agrees with the magnetite phase observed in the

SEM. However, the aluminosilicates were not observed in the XRPD pattern.

500um 50um

Figure 4.3 Backscattered SEM image of titaniferous magnetite a) low magnification

image b) high magnification image.
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Table 4.2 Elemental composition of areas Ato D on Figure 4.3.

Weight.% | Ti Fe O Na Al V Si Ca Mg K Mn
A - 1.0 422 34 164 - 271 97 - 0.2
B 02 324 379 - 11.8 - 1311 05 41 - -
C 91 60.1 245 - 22 16 13 01 07 - 03
D 58 350 367 - 94 08 67 - 56 - -

Iron-rich tailings

Backscattered scanning electron microscopy images of the iron-rich tailings
(T1) are presented in Figure 4.4. Analysis of the light grey area (see Area A on Figure
4.4) indicates that this is hematite in solid solution with ilmenite, agreeing with the
XRPD results given in Figure 4.1b [16]. The dark grey area (see Area B on Figure 4.4)
represents a Na-Ti-Si-Al-Fe-O complex enriched with vanadium oxide, likely owing to
formation of a liquid phase [123]. Formation of Na-Ti-Si-Al-Fe-O complex during

alkali roasting of the concentrate decreases vanadium extraction during the water

leaching as vanadium ions are trapped in the complex.

Figure 4.4. Backscattered SEM image of as received iron-rich tailings a) low

magnification image and b) high magnification image.

Table 4.3. Elemental composition of areas A and B on Figure 4.4b, as analysed by

EDX.
Weight.% | Ti Na Fe O Si Mg Al Cr Mn V Ca
A 51 07 523 379 034 055 146 02 03 02 -
B 11.1 145 11.6 39.7 89 - 59 - - 6.1 1.7
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During alkali roasting of titanomagnetite concentrate the sodium salts react on the
surface of the Fe-rich oxides to form phases that react with the low-temperature eutectic
sodium aluminosilicates, producing the Na-Fe-AlSi-O complex observed in the iron —
rich tailings microstructure — (see Area A in Figure 4.5) [120]. At the interface between
the light grey regions and the sodium aluminosilicate there are dark black phases (see
Area B on Figure 4.5), where up to 20.6 weight.% Fe dissolved in the sodium
aluminosilicate. The Na-Fe-Al-Si-O complex observed in Figure 4.5 is not enriched with
vanadium ions as was seen in Area B on Figure 4.4. The difference in vanadium content
is a result of the Al content, where 5.9 weight.% Al is localised in Area B of Figure 4.4
compared to 16.6 weight.% and 12.6 weight.% Al for areas A and B in Figure 4.5.
Increased Al content of the Na-Fe-Al-Si-O complex raises the melting temperature of the
species, decreasing the amount of vanadium ions dissolved in the complex [123].

The elemental mapping in Figure 4.6 indicates these dark phases are complex
sodium aluminosilicates and the light grey phases are Fe-rich oxide with titanium ions
dissolved in the matrix. The EDX analysis of Areas C and D of Figure 4.5 demonstrates
composition of more than 68 weight.% Fe, approximately 7 weight.% Ti and a limited
amount of V (0.1 weight.%), showing that this is magnetite in solid solution with
ulvdspinel. The cloth-like interwoven microstructure characteristic of titanomagnetite
concentrates, as seen in Figure 4.2, is evidently destroyed during oxidative alkali roasting.
Observing T1 material micrographs shown in Figure 4.4 and Figure 4.5 highlights that

the interwoven microstructure is no longer visible.

Table 4.4 Elemental composition of areas Ato D on Figure 4.5.

Weight.% | Ti Fe O Na Al VvV Si S Ca Mg Mn
A 1.5 62 48 176 166 - 170 47 14 - -
B 34 206 305 152 126 - 130 34 13 - -
C 73 686 205 1.1 1.1 01 05 - - 05 03
D 7.6 703 206 - 08 0.1 - - - 05 02
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Figure 4.6 Backscattered SEM image of as received iron-rich tailings with elemental
mapping.

Disadvantages of the original high temperature processing that yielded T1 waste
material are evident from the phase analysis as vanadium ions remain present in Na-Fe-
Al-Si-O complexes produced, as shown in Area B of Figure 4.4, and Fe3Oas-Fe2TiO4solid
solutions not completely oxidised. Formation of liquid complexes and phases inhibits the

diffusion of O2 gas [123]; the deleterious consequences are evident in Figure 4.7 where

74



the multi-component system illustrates the importance of Oz partial pressure as between
-9 < log1oP(O2)(atm) < -7 FesOsand FeV204co-exist in the same phase field. However,
at logioP(O2)(atm) > -0.3 Fe203 is the stable phase

Fe-Na-V-C-0O, 1473 K
Na/(Fe+Na+V ) = 0.25, V /(Fe+Na+V ) = 0.25

Fe,0, + NaVO,(l) + V,0(l)

1k Fe(VO,), + NaVO,(l) + V,0(l) ]

Fe,0, + NaVO,(l) + VO,

FeV,0, + NaVO,(l) + Fe,0,

log,,(P(O,)) (atm)
0 N O OO A~ W N P O B N W

'
©

-1 0 1
log,,(P(COy,)) (atm)

Figure 4.7 Predominance area diagram for the Fe-Na-V-C-O multi component system at
1473 K, computed using FactSage software [48]

4.1.1.4 Phase equilibria calculations iron-rich tailings material

Equilibrium phase compositions deduced from FactSage calculations in order to predict
phases from oxidative alkali roasting of the titanomagnetite concentrate are presented in
Table 4.5 [48]. Computed results are compared with phase analysis of the T1 material.
The major phase present from the equilibria calculation is Fe2Ozwhich is in
agreement with observations of the XRPD pattern for T1 material (Figure 4.1b). Predicted
titanium-bearing phases differ from the T1 phase analysis, where Na:TiOs, Fe2TiOs,
MgTiO3 and CaTiOs were not observed. NaAlSiOs expected from phase equilibria
broadly agrees with the sodium aluminosilicate complexes shown in the micrographs
(Figure 4.4 and Figure 4.5). Formation of water-soluble NasV207 is expected as shown in
Table 4.5. The phase would be extracted during water leaching that follows alkali
roasting. Recovery of sodium vanadate during previous alkali roast-water leaching
explains the low V20s content of T1 material. A lack of solution data for complex salt
phases in the FactSage software database explains why the complexes observed in the

SEM analysis were not predicted by the calculations.
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Table 4.5 Phase equilibria for alkali roasting of titanomagnetite concentrate at 1473 K

[48].
Input Roasting at 1473 K

Mass(kg) Phase Mass

(kg)

™
1000 Fe203 587.01
concentrate

Na2COs3 51 Fe2TiOs 133.57
Na2S04 12 Na2TiO3 59.12
Air 725 NaAISiO4 42.56
NasV207 (1) 28.57

MgTiO3 21.22

MgALO4 20.55

CaTiOs 19.33

MnFe204 9.75

MgCr204 5.06

Na2S0a4(l) 4.59

4.1.2 South African low-grade titanium dioxide slag (T2)

Low grade TiO2 slag (T2) refers to slag that was produced by Highveld Steel and
Vanadium Limited, acompany in South Africa that co-produced steel, vanadium slag and
other vanadium chemicals. Pre-reduction of titanomagnetite concentrate in the direct-
fired rotary kiln was performed with dolomite and quartz added to flux the titania into a
fluid slag during the subsequent smelting step [65, 122, 124, 126]. Pre-reduced solids
were smelted and the low-grade TiO:2 slag tapped off with the molten pig iron, containing
vanadium, taken for vanadium slag recovery and steel production [126]. Initial addition
of fluxes has negative implications on the processing of T2 and hinders the recovery of

metallic values by complexing TiOx.
4.1.2.1 X-ray fluorescence of low-grade TiO; slag

The complex mineralogy and varied distribution of vanadium ions in T2 material affects
the recovery of vanadium oxide. Vanadium oxide present in a range of concentrations is
found in different mineral and alloy phases, as seen in the scanning electron micrograph

data presented below. Bulk analysis given in Table 4.6 is unable to give aspecific mineral
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composition due to the variation expected in the T2 stockpile. However, the V20s
concentration of T2 may be higher than certain deposits (see Table 2.3). The titanium
dioxide containing T2 feedstock contains a significant amount of gangue in the form of
calcium oxide, magnesium oxide and silicon oxide, as a consequence of their addition as

fluxes, which makes processing the T2 material more difficult.

Table 4.6. Chemical composition of low grade TiO2 slag feedstock presented as a

range based on multiple analyses of the material.

Weight.% F6203 Ti02 V205 CaO 803 Na,O A|203 SiOz MnO MgO CI’203

34 29.5-0.8- 15.6- 0.5- 0.3- 10.4- 14.8- 0.6- 10.6- 0.1-
-88 348 12 174 12 58 127 198 08 107 0.2

4.1.2.2 X-ray powder diffraction of S.A. low-grade TiO, slag

The presence of complex phases in T2 was confirmed in the XRPD analysis given in
Figure 4.8. CaMgo.39Tio.48Al.87Sk.2606 Was the dominant phase present representing the
slag matrix formed during the smelting of pre-reduced titanomagnetite concentrate. TiO2
in the T2 predominantly crystallised as perovskite (CaTiO3) phase in the presence of
significant quantities of lime. A karooite (MgTi2Os) — tialite (ALTiOs) solid solution
formed as a result of the high magnesia concentration in the flux [65]. The magnesia
content causes primary phases crystallisation competition between the MgTi2Os-AkLTiOs
solid solution and the Mg(Al, Ti,V)O4 spinel - which precipitates first owing to it higher
melting point [167]. MgALO4 is observed in Figure 4.8.

The rutile phase observed in the XRPD pattern can be explained by increasing the
acidity of the slag due to SiO2 addition, as this was found to promote the formation of the
rutile phase over perovskite and the pseudobrookite structure (karooite) [168]. However,
rutile crystallises as small agglomerates in the glassy slag matrix [169]. Fassaite

(CaFe2SiOs) is a minor phase present in the T2.
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Figure 4.8 XRPD pattern for as received low-grade TiO2 slag. 1-MgTiOs,
2-MgAkLO4, 3-CaTiO3, 4-CaMgo.39 Tio.48Al.87Si.2606 , 5-TiO2, 6-CaFeSizOs.

4.1.2.3 Scanning electron microscopy of low-grade TiO; slag
The low-magnification electron micrograph of T2 can be seen in Figure 4.9. Elemental
mapping given in Figure 4.10 illustrates that the MgTi2Os phase crystallises as rod shaped
grains, which is the typical morphology of the pseudobrookite structure [170]. The
elemental mapping indicates the vanadium ions are dissolved in the MgTi.Os phase.
TiO2 in slags often form the stable CaTiO3 compound that was observed in the
XRPD pattern (see Figure 4.8) [171]. The fine dendritic microstructure dispersed in the
slag matrix seen in Figure 4.9is characteristic of CaTiOs in titanium-bearing slags, where

lime is able to react with TiO2 giving rise to the dendritic structure [168, 172-175].
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Figure 4.9 Low magnification backscattered SEM image of as received low-grade TiO>

slag.
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Figure 4.10 Backscattered SEM image of as received low-grade TiO2 slag with

elemental mapping.
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The dark region seen in Figure 4.9 represents the MgALO4 phase. Elemental
mapping demonstrates that the T2 matrix is composed of Ca-Mg-Al-Ti-Si-O.

T2 material was ground and the particles analysed by SEM-EDX, as represented
in Figure 4.11 and Table 4.7. Area A in Figure 4.11 provides the composition of the Ti-
rich MgTizOs phase, where the Ti content is 55.7 weight.% and the vanadium
concentration is 1 weight.%, as a result of isomorphic substitution at the octahedral sites
by V3*ions [176].

The dark region evaluated by EDX analysis (see Area B in Figure 4.11) is the
MgALO4 spinel with the vanadium content determined to be 1.2 weight.%. Enrichment
of the spinel phase with vanadium ions is similar to what was noted by Diao et al [177],
where the authors observed the formation of Mgx(V,Ti)s-xO4 during the characterisation
of vanadium slags. The crystallisation of MgALO4 in an aluminium-deficient slag with
respect to magnesium, results in trivalent vanadium ions occupying sites in the spinel
forming a Mg(Al,V)204 solid solution [178]. The V3*ion (61 pm) octahedral radius is
similar to that of Fe3* (55 pm) and AR*(54 pm) ions. Therefore, V3*ions readily substitute
in ferromagnesian minerals [8, 176]. The occurrence of vanadium ions in the spinel
highlights the importance of decomposing the MgAl2O4 in order to liberate the vanadium

ions.

50um

Figure 4.11 Backscattered SEM image of as received low-grade TiO: slag, analysed by
EDX.
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Table 4.7 Elemental composition of areas Ato E in Figure 4.11, as analysed by EDX.

Weight.% | Ti Fe O Al V. Mg Si Ca Mn S Cr Na

A 557 05 349 19 10 55 - 04 02 - - -
74 05 392 329 12 18.0 - 0.1 03 02 02 -

C 1.1 967 03 - 1.1 - - 02 - - - -

D 358 - 343 - - 02 - 29.1 - - - 0.3

E 87 05 392 6.7 - 106 179 156 06 - - -

Area C in Figure 4.11 is metallic iron that was entrained in the T2 during smelting
of the pre-reduced titanomagnetite concentrate. Although the vanadium content is
1.1 weight.%, the vanadium cannot be extracted by the alkali reductive roast process since
the metal is micro-alloyed.

The composition of the CaTiOs that precipitated in the T2 is given in Area D of
Figure 4.11. The vanadium contained in the perovskite is not readily extracted by the
process and is typically lost downstream in solid residues or waste solutions. Area E of
Figure 4.11 is the chemical composition analysis of the slag matrix, corresponding to the
complex CaMgo.39Tio.48Alb.87Si1.2606 phase. The line scan data presented in Figure 4.12
illustrates that the Ti ions diffuse out of the MgTi.Os rods into the T2 matrix resulting in
the formation of the CaTiOz after reaction with Ca?* ions. As the slag cooled Ti ion

diffusion was inhibited by the increased viscosity of the slag matrix [172].

Figure 4.12 Backscattered SEM image of as received low-grade TiO2 slag with

elemental linescan.
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4.1.2.4 Phase equilibria calculations for low-grade TiO; slag

Gibbs energy minimisation calculations were performed using the FactSage 6.4 software
to predict the phases that would form during the pre-reduction at 1413 K and subsequent
smelting at 1623 K of titanomagnetite concentrate [48].

Phase equilibria calculations given in Table 4.8 showing the formation of CaTiOs
and MgALO4 at 1623 K broadly agree with the XRPD (see Figure 4.8) and SEM analysis
(see Figure 4.9 and Figure 4.11), where CaTiO3 and MgAlLO4 were observed. Formation
of V10Cgconfirms why metallic iron entrained in the T2 material was micro-alloyed with
vanadium. However, the CaMgo.39Tio.48Akb.87Si1.2606 phase was not given from the
calculations, likely due to the absence of thermodynamic data in the FactSage software.
Transformation of the products seen after pre-reduction at 1413 K to compounds
predicted after smelting is evident, where formation of the spinel occurs after smelting at
1623 K.

Table 4.8 Phase equilibria calculations of pre-reduction and smelting of titanomagnetite
concentrate [48, 124].

Input Pre-reduction at 1413 K Smelting at 1623 K
Mass(kg) | Phase Mass (kg) | Phase Mass(kg)
™ 1000 Fe 488.19 Fe 564.40
concentrate
Dolomite 220 CaTiOs 134.29 CaAkLSiOs 104.85
Quartz 18 CaALSOs 92.58 Mg2SiO4 88.54
Coal 450 M@2SiO4 88.54 CazTiOs 74.42
Air 725 FesC 81.68 TiOs 50.98
TisOs 47.69 CaTiOs3 49.22
MgsAhoSizO23 | 34.87 MgALO4 25.08
VN 12.14 V10Cs 11.32
MnS 3.68 MnS 3.68
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4.2 Phase transformation of South African titaniferous magnetite

4.2.1 Thermogravimetric analysis

Isothermal experiments

The weight loss wversus time curves for TM heated isothermally in argon and air
atmospheres are presented in Figure 4.13a and Figure 4.13b, respectively. The initial
weight loss observed under inert (argon) atmosphere is rapid and then the isotherms begin
to plateau within 0.4 hr - 0.55 hr, as seen in Figure 4.13a. Weight loss seen in Figure
4.13a is due to the evolution of H20 gas from TM. In air atmosphere (see Figure 4.13b)
it can be noted there is an initial weight loss for all the temperature curves similar to what
was observed for the isotherms in Figure 4.13a. However, as time progresses the TM
weight increases. The preliminary weight loss is a result of the release of moisture and
the weight gain is due to oxidation of FesOsand Fe2TiO4, according to equations 4.1 and

4.2. The rate of oxidation observed in Figure 4.13b increases as the temperature increases.

Fe;0, + 0.250,(g) » 1.5Fe,04 4.1
Fe,TiO, + 0.50,(g) - Fe,TiOg 4.2
25
a) g
» 204
3 F
§ 154
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GEJ 1.04
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m— 1273 K
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Figure 4.13 Plot of titaniferous magnetite a) percentage weight loss versus time
isotherms for 973 K -1273 K under argon atmosphere and b) percentage weight change

versus time isotherms for 973 K — 1273 K using compressed air in the TGA equipment.
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4.2.2 X-ray powder diffraction and thermodynamic analysis

The dominant phases in TM, as reported in 4.1.1.2, are Fe3sOa, FeTiOz and Fe>TiO4. The
XRPD patterns for the titaniferous magnetite heated under argon and air atmospheres in
the 973 K to 1273 K temperature range are presented in Figure 4.14a and Figure 4.14b,
respectively.

The main phase observed in the XRPD patterns at all temperatures when heating
under argon atmosphere is the Fe3O4-Fe2TiO4 solid solution, with the ilmenite phase also
present at all the temperature ranges. Formation of the titanomaghemite phase (y-Fe20z3)
is observed in the XRPD patterns at all the temperatures. It is likely that the vanadium
ions are still largely present as V3* ions dissolved in the magnetite matrix as coulsonite,
owing to the limited amount of O2 gas present in the system.

Titanomaghemites are cation deficient spinels ([Fe3*]<Fe3*s2m13 >04), which
have a structure similar to a spinel that contains a limited amount of ferrous ions due to
the outward diffusion of Fe2*ions [1, 2]. Titanomaghemites can be defined by the FesOs-
Fe2TiO4-FeTiOs- y-Fe20s3 series [3].

The dominant phase observed for the 973 K-1273 K temperature range under air
atmosphere is the a-Fe2O3- FeTiO3 solid solution, highlighting FesOsand Fe2TiO4 were
oxidised at high temperature. The XRPD pattern for the 1073 K isotherm also show
minor peaks for pseudobrookite (Fe2TiOs) and rutile (TiO2). TiO2 is observed due to
oxidation of ilmenite to rutile and hematite, as given in equation 4.3. At 1173 K and 1273
K, the only peaks visible are those representing Fe2Os and FexTiOs ; TiO2 was not
observed above 1073 K owing to the reaction between Fe;Os3and TiO2 to form
pseudobrookite (see equation 4.4) [5]. Reaction 4.4 becomes thermodynamically feasible
above 873 K and favourability increases as the temperature increases, explaining why
there were no peaks for TiO2 observed above 1073 K [6]. Fe2TiOs is also formed
according to equation 4.5 where the FeTiO3 and Fe3O4are oxidised to give Fe2TiOs and
a-Fe203. Since no pseudobrookite peaks were noted at 973 K it is probable that reaction
4.5 proceeds slowly below 1073 K. There is no evidence on the vanadium oxidation state
in the TM but it is likely that it has been oxidised from the V3* state to the V°* state
according to reaction 4.6 where AG°1273 k equals -176.26 kJ.mol~.

FeTiO; + 0.250,(g) —» TiO, + 0.5Fe,0, 4.3
TiO, + Fe,0; » Fe,TiOg 4.4
Fe;0, + FeTiO; + 0.50,(g) - Fe,TiOg + Fe,04 4.5
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FeV,0, + 1.250,(g) —» Fe,0; +V,0; 4.6

u)

N

w
o
N
N
W
=
1

; 22500

3600

Intensity (a
[
~ o
o o
o o
o o o
T T
P
i
I e—
=
N
.
=
N W
nw
[==Y
1 1
Intensity (a.u)
~
N
o
o o
T T
Sy
[3 [Ee))
B
I I
Ny
o
S
L = o
- [l 2]
D
H N
P o
PO
RSN
[l )]
= o
1

— 1,6
= 23700 - 1,23 1173 K] Z12300 |- 1173 K]
215800 | 1 g 2 8200 - 1 5 .
2 3 33 2 1
& 7000 | 1 2 1‘3 1 15 5 g © 4100 4 g 41, 1 11 .
£ Iy o £ 44 |44 41
0 1 1 I I 1 1 0 1 1 1 1 1 1 1
12.3 1073 K | 16 1073 K

2700 1 3300

Intensity (a.u)
(%]
B
o
o o
T
v NWw
N
-
w
I [l
I [l
N W
. N w
1 1
Intensity (a.u)
(2]
(2]
o
o o
T T
N
[
P
D
Y
N
Py
n
I P o
o
i
=8
H o
= o
o
1 1

5 1,23 E) 16 973K
3 22500 | 973K ] 10200 - .
2 15000 | 1 ] 2 6800 - ]
2 37 s 33 5
S 7500 - L 3400 F
£ 1 12 1124, E

0 1 0 T I

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
20(degrees) 26(degrees)

Figure 4.14 XRPD patterns of isothermally heat treated titaniferous magnetite from 973
K —1273 K a) under argon and b) air atmosphere, using TGA apparatus. 1- FeTiOs, 2-
Fe304-Fe2TiO4, 3- y-Fe203, 4-Fe2TiOs, 5-TiO2(rutile), 6-Fe203

Non-isothermal experiments

Weight change wversus temperature curves for the non-isothermal heating of the
titaniferous magnetite from ambient temperature (295 K-300 K) to 1273 K under argon
and air atmosphere are presented below in Figure 4.15. Visible weight loss occurs during
the first 0.14 hr for curves in both atmospheres. Under argon atmosphere the curve
continually decreases as the temperature increases, which is the evolution of moisture
from the as-received sample. However, the curve depicting the air atmosphere begins to
gain weight due to oxidation as the temperature increases, similar to what was observed
for the isothermal heating in air (Figure 4.13b).
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