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ABSTRACT 

The effect of thermal pre-treatments on the beneficiation of Ndit Ilmenite resource has been 

investigated in this work. The Ilmenite resource is located at Ndit village, in Bogoro Local 

Government Area, Bauchi State, Nigeria. The sample was sourced from four different points at 

50m interval apart. The samples were homogenized then pulverized, sieved and analyzed for 

their chemical and mineralogical compositions using X-ray Fluorescence (XRF), X-ray 

Diffractometer (XRD), Scanning Electron Microscope/Energy Dispersive Spectroscope 

(SEM/EDS) and Petrological microscope respectively. The chemical analysis of the head sample 

revealed that the Ilmenite resource contained 41.50% TiO2, 21.78% Fe2O3, 15.85% Al2O3, and 

18.20% SiO2 as the major minerals, 1.18% Nb2O5 as the minor mineral, 0.20% TaO5, 0.65% 

MnO and 0.64% others as trace minerals. The mineralogical analysis of the Ndit Ilmenite sample 

revealed the presence of Ilmenite (FeTiO3), Rutile (TiO2) as major, Alumina, Silica and other 

trace associated minerals as minor in the matrix of the Ilmenite resource. The SEM analysis 

revealed that the minerals grains are smaller in sizes, and are separated by grain boundaries. The 

SEM images of the Ilmenite samples also, revealed non-interlocking of minerals grains with 

varying sizes. Ilmenite phase is seen as the grey portion, the white portions are the Rutile Phases 

and Hematite is the dark portions in the matrix of the Ndit Ilmenite sample. The liberation size 

and work index of the sample was found to be -355+250µm and 9.35kWh/t respectively. The 

thermal treatment (Calcination and Roasting) of the Ilmenite sample enhances the transformation 

of some proportions of Ilmenite to Rutile phase and formation of Anatase, Ilmenorutile and 

Magnetite phases in the matrix. The optimum thermal conditions obtained for calcination 

treatment is; Temperature (650
o
C), Time (60 minutes) which gave 58.0%TiO2 phase, while the 

optimum thermal conditions for roasting treatment is; Temperature (300
o
C), Time (60 minutes) 

which gave 47.1%TiO2 phase. Beneficiation of the thermally treated ( Calcination and Roasting) 

Ilmenite sample employing Two stage (double) magnetic (high intensity) - to - gravity (air-

floatation) separation method reported an upgrade in the assay of mineral of interest to 82.87% 

TiO2 (49.72% Ti) with a recovery of 65.13% for calcined sample and 85.64% TiO2 (51.38% Ti) 

with a 69.03% recovery for the roasted sample. The percentage of TiO2 obtained in the 

concentrates surpasses and met the requirements of 48% - 51% TiO2 as minimum rutile content 

for rutile ore and 50% TiO2 content as minimum for Ilmenite ore. A process flow-sheet was also 

developed for the beneficiation of the Ndit Ilmenite resource using the results of the tests and 

analysis carried out. Therefore, the Ndit Ilmenite resource can be said to be another source of 

Titanium bearing mineral that can be explored, beneficiated and used in the nation’s 

metallurgical industries. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Mineral exploitation has been found to be of paramount importance in the diversification of any 

nation’s economy: This is because the mineral resources of the nation can be harnessed for 

technological advancement and industrialization. Nigeria is endowed with abundant mineral 

resources which only little out of the mineral resources have been harnessed in the past 60years. 

Also, the non-exploration and exploitation of these vast mineral deposits have created a shortfall 

in the nation’s earnings and thus affect it derives for technological advancement and 

industrialization (Falade et. al., 2012). 

However, among these vast mineral deposits of the nation is Titanium ores. Rutile is a mineral 

composed of titanium dioxide (TiO2) which exist in three crystallographic phases/polymorphs; 

rutile, anatase and brookite. Natural Rutile may contain up to 10% Iron and significant amount of 

Niobium and Tantalum. Titanium dioxide (TiO2) accounts for over 95% of the world-wide use of 

titanium. It has among the highest refractive indices of any known mineral, also exhibits high 

dispersion, and these properties have led to numerous industrial applications especially in the 

manufacture of refractory ceramics, pigment and titanium metal and alloys. Titanium metal and 

alloys are commonly used in the aerospace and related industries because of their light weight, 

strength and corrosion resistant (Baba et al., 2009). It is a naturally occurring mineral found in 

many places across the globe including United States, Australia, India, Brazil, Sierra Leone etc 

(Garside, 2021).  

The advent of technology today has made it possible for titanium ore to be discovered in 

different locations of the country. These locations whose occurrence of the ore has been reported
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Include; Kwara, Niger, Plateau, Bauchi, Taraba, Osun and Kogi States respectively (Siyanbola et 

al., 2004). 

Research has shown that every mineral is unique in its nature. Therefore, the process flow sheet for 

the beneficiation of an ore must be designed to suit the particular mineral. Ilmenite is usually 

associated with impurities which include; Iron, Niobium, Tantalum, Quartz, Zirconium, etc. which 

are usually impediments in the extraction of Titanium from its ore. Hence, the need to beneficiate 

the ore in order to remove or reduce the associated impurities before further processes. 

1.2 Statement of the Research Problem 

The beneficiation route of any ore deposit is designed to suit its peculiarities because of the unique 

geological characteristics of the associated minerals. This is applicable to Ndit Ilmenite resource 

because there is no data and information on its chemical, mineralogical and other important 

characteristics which can be used to develop a befitting beneficiation route for the resource. Hence, 

this research work sought to address the development of the appropriate technology for the 

beneficiation of Ndit Ilmenite resources to metallurgical grade.  

1.3 Justification of the Research 

The quest for economic and technological growth of the country has prompted the need for the 

diversification of the economy from crude oil to solid minerals exploitation. Therefore, Titanium 

ore characterization and beneficiation among others will be required as a driver to the realization of 

the diversification of the nation’s economy because titanium metal has wide applications in 

aerospace industries, biomaterials etc. and titanium ores are also applicable in the production of 

paint, refractory ceramics etc. 
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Through this research, characterization and beneficiation of the Ilmenite resource was achieved. 

 The exploitation of the ilmenite resource for the creation of wealth for Nigeria, and generating 

employment, reducing poverty, improving standard of living, promoting rural economy and 

significant contribution to the nation’s Gross Domestic Product (GDP) prompted the need for this 

research work.   

1.4 Aim and Objectives of the Study 

The aim of this research is to characterize and determine the effect of thermal pre-treatment on the 

beneficiation of Ndit ilmenite resource, Bauchi State, Nigeria and the objectives are as follows; 

i. Determination of  the chemical, mineralogical, petrological compositions of the Ilmenite 

using X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), and Scanning Electron 

Microscopy-Energy Dispersive Spectrometry (SEM-EDS) and Petrological microscope 

ii. Carrying out size/mineral assay analysis and determination of the liberation size and 

work index of the Ilmenite resources. 

iii.  Carrying out Calcination and Roasting thermal pre-treatments of the Ilmenite sample. 

iv. Carrying out concentration of the Ilmenite resource by a double stage magnetic and 

gravity separation techniques at the determined optimum thermal pre-treatments 

conditions in iii above. 

v. To use the data and information generated in (i) to (iv) to propose a process flow-sheet 

for the upgrading of the Ilmenite resource. 
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1.5 Scope of the Research 

This research work is centered on the following: 

i. Sourcing the representative sample from the deposit site using the grab method and 

preparing the sample for further analysis, 

ii. Characterization using XRF, XRD, and SEM-EDS applying the standard laboratory 

procedures in conformity with the global practice. 

iii. Determination of the mineral assay, liberation size and work index of the Ilmenite 

resource. 

iv. Thermal Pre-treatments of the Ilmenite sample 

v. Beneficiating the Ilmenite sample using double stage magnetic to gravity separation 

method.  

vi. Development of the flow-sheet process route of the Ilmenite resource. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Rutile Ores  

Rutile is a titanium-bearing mineral with chemical formula TiO2. Rutile occurs as an accessory 

mineral in many igneous rocks and in all grades of metamorphic rocks. Titanium is the 4
th

 most 

abundant element of the earth crust with an estimated TiO2 concentration of about 0.7wt% (Su et 

al., 2018). 

The name “rutile” is derived from the Latin “rutilus” because of the deep red colour observed in 

some specimens in transmitted light. Rutile can be translucent or opaque. Rutile is a reddish-brown 

colored substance and the chief source of titanium, with hardness of 6-6.5 (in Mohr’s scale) and a 

specific gravity of 4.18-4.25. It is usually composed of up to 10% iron in the form of iron oxides 

(Ellmer et al., 2018). 

 Naturally, rutile is usually dark-red or black, nevertheless, it can be found in other colours such as 

brown, yellow, green or violet depending on the content of the associated elements. Rutile ore grade 

gives a yellow or pale-brown streak. For production of titanium, there are diverse types of rutile 

with larger amounts of iron, but they are not as favorable as the high-purity rutile. Some minor ores 

include nigrine, ilmenorutile, seyenite, brookite, and anatase (Ellmer et al., 2018). Rutile can be a 

major host mineral for niobium, tantalum, tungsten, uranium, zirconium, and ferric iron. 

2.2  Titanium Ore Minerals 

Ilmenite (FeTiO3) and rutile (TiO2) are currently the most economically important titanium-bearing 

ore minerals. 93% of the world’s titanium resources are accounted for by the mineral ilmenite; the 

remaining percentage is mainly from rutile and leucoxene. Leucoxene is not a true mineral but is, 
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rather, a finely crystalline aggregate of rutile, anatase, or brookite with greater than 70% TiO2 that 

is created by the weathering of ilmenite. A few titanium-bearing oxide minerals currently have 

economic value. Less common, sub-economic minerals include pseudobrookite (Fe2TiO5), 

perovskite (CaTiO3), geikielite ((Mg,Fe)TiO3), pyrophanite (MnTiO3), and titanite or sphene 

(CaTiSiO5) (Schulz et al., 2018). Titanium-bearing minerals occur in diverse geologic settings, but 

many of the known deposits are currently sub economic for titanium (Schulz et al., 2018). 

The total world reserves of ilmenite are around 700 million tonnes while rutile reserves are far less, 

numbering about 46 million tonnes. According to USGS, Ilmenite accounts for about 92% of the 

world’s consumption of titanium minerals. World resources of anatase, ilmenite and rutile total 

more than 2 billion tonnes. Identified reserves total 746 million tonnes (ilmenite plus rutile). 

From Table 2.1, China, with 230 million tonnes accounting for 29% of the world total is now the 

country that is most abundant in terms of ilmenite reserves followed by Australia with 150 million 

tones (Garside, 2021). 

Table 2.1 World Titanium Reserves (In Thousand Metric Tonnes) 

COUNTRY ILMINITE RUTILE 

United States 2,000 NA 

Australia 150,000 27,000 

Brazil 43,000 -- 

Canada 31,000 -- 

China 230,000 -- 

India 85,000 7,400 

Madagascar 23,000 -- 

Mozambique 26,000 890 

Sierra Leone -- 490 

Norway 37,000 -- 

South Africa 35,000 6,800 

Kenya 440 170 

Ukraine 5,900 2,500 

Vietnam 1,600 -- 

Other Countries 26,000 400 

World Total 700,000 46,000 

World Total 

(Ilmenite and 

Rutile, rounded) 

 

746,000 

 

 Source: Garside, M. (2021) 
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2.3 Occurrence of Titanium Ores in Nigeria 

Tatanium ores occurrence has been reported in Kwara, Niger, Plateau, Bauchi, Taraba, Osun and 

Kogi States respectively by the Nigerian Geological Survey Agency. It is quite obvious that many 

of these occurrences are small, and not commercially verified in terms of their quantity. However, it 

is interesting to note that many of them have not yet been thoroughly investigated and characterized 

to determine their economic viability. The mineral map in Figure 2.1 shows the location of the 

various mineral occurrences in Nigeria particularly the Ilmenite ore, while Figure 2.2 shows the 

location of the Ilmenite resource at Ndit Village, Bogoro Local Government Area of Bauchi State, 

Nigeria.  

 

Figure 2.1 Map showing mineral locations in Nigeria with ilmenite and rutile minerals 

inclusive found in States like Bauchi and Plateau 

Source: Report of the Vision 2020 National Technical Group on Minerals and Metals       

   Development (Falade et al., 2016) 
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Figure 2.2 Map showing the location of the Ilmenite Resource at Ndit Village, Bogoro Local 

Government Area of Bauchi State, Nigeria   
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Table 2.2 shows the locations of some Nigerian ilmenite and rutile resources.  

Table 2.2 Some Nigerian Ilmenite and Rutile Resources (in million tonnes) 

S/N Location State Metal Type Estimated Reserved  

(Million Tonnes) 

1 Tafawa Balewa, Bogoro (Ndit) Bauchi Ti, Si, Fe Partially Investigated 

2 Barkin Ladi Plateau Ti, Ta, Nb Partially Investigated 

3 Oke-Ode Kwara Ti, Ta, Nb Partially Investigated 

4 Ilesha Osun Ti, Fe, V Partially Investigated 

Source: Ministry of Mines and Steel Development (MMSD, 2012) 

Ndit ilmenite resource is a newly discovered ilmenite mineral site outcrop in Bogoro Local 

Government Area of Bauchi State which has not been explorated and characterized for possible 

exploitation and beneficiation.  

2.4 Processing of Titanium Bearing Minerals 

Different methods of upgrading of rutile ores have been developed and more are still evolving due 

to the challenges of energy and complexity of the associated minerals in the ore. These processes 

include comminution and separation processes of magnetic separation, gravity separation, froth 

flotation and a combination of these techniques. The susceptibility of any rutile or titanium base ore 

to beneficiation by one of this technique is a major determinant into the development of process 

route for its concentration and also the amenability of any types of ore to beneficiation depends on 

the mineralogical characteristic of the ore (Wills et al., 2006). 
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However, prior to the use of any of the separation techniques or combination of the techniques, pre-

treatment process such as, calcination, roasting and sintering may be required. 

2.4.1 Thermal Pre-Treatments Given to Rutile and Titanium Bearing Minerals Prior to 

Beneficiation 

Rutile ores containing iron, silicate and sulphide minerals are usually subjected to certain thermal 

pre-treatments prior to beneficiation so as to induce changes in their structures. The nature and 

intensity of the thermal pre-treatments depend on whether the impurities are hydrated or un-

hydrated and secondly whether they are chemically or physicochemical associated. The hydrated 

impurities are heated to about 500
0
C to expel hydroxyl groups from the crystalline structure in the 

form of water vapour leaving behind a porous solid having a large surface area which can easily be 

leached with dilute acids. The un-hydrated impurities can be treated in two ways either by melting 

and quenching to obtain a glassy structure that can be readily crushed, ground and leached with 

acids or heated to a temperature below the melting point to effect a phase transformation which 

would result in volume change and the product would become porous which can be easily crushed 

and leached. In some thermal pretreatments coke breeze or fluxing agents are added to reduce or 

fluxed the impurities immediately after decomposition to produce two phases of metallic oxides. 

These two phases are usually separated using one of the concentration techniques mentioned earlier 

(Irannajad et al., 2019). 

2.4.1.1 Roasting 

Roasting is a thermal process usually applied to metal sulphides or complex minerals by blowing of 

enriched air or oxygen to convert the sulphides to a mixture of oxide and sulphate with the 

production of sulfur dioxide or oxides that will result in dissociation of the mineral phases or 

formation of new mineral phases. The objectives in roasting can be to produce an oxide which is 
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subsequently acid-leached to give a solution from which the metal values can be recovered; to 

provide a partial desulphurization of a concentrate to facilitate the smelting operation. In some 

cases, to induce thermal stress that can facilitate the comminution of the mineral phases in the ore 

matrix.  

The principal reaction in roasting is as followed: 

MS(s) + 
 

 
 O2(g) → MO(s) + SO2(g)         (2.1) 

For all of the common metal sulfides (MS) the reaction is highly exothermic and proceeds 

spontaneously in the direction of metal oxide (MO) formation. The roasting temperatures are 

usually in the range of 650-1000
0
C, the roaster gas usually contains some sulfur- trioxide due to the 

reaction 2.2 

SO2 + 
 

 
 O2 → SO3          (2.2) 

Here the equilibrium shifts to the left as the temperature is raised, so that at 1000
0
C the roaster gas 

contains but little SO3. The formation of sulphates during roasting is favoured by the use of lower 

temperature, resulting in a corresponding high concentration of SO3 in the off-gas (Friesinger, 

2016). 

2.4.1.2 Calcination 

Calcination (also referred to as calcining) is a thermal treatment process applied to ores and solid 

materials in order to bring a thermal decomposition, phase transition, or removal of volatile 

fractions. The calcination process normally takes place at temperatures below the melting point of 

the product materials. Calcination is distinguished from roasting, in which more complex gas-solid 

reactions take place between the furnace atmosphere and the solids, however calcination takes place 

in the absence of air. Calcination comprises the heating of minerals to the temperature below their 

melting points to enhance their decomposition and elimination of volatile constituents. Calcination 
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differ from roasting in that in the latter there is a reaction between the solid and the surrounding hot 

gas; while in the former the gas serves merely as a source of heat (Biswas et al., 2013). 

Being an industrial process; calcination derives its name from its most common application, the 

decomposition of calcite to calcium oxide (lime). The product of calcination is usually referred to in 

general as “calcined,” regardless of the actual minerals undergoing thermal treatment. Calcination is 

carried out in furnaces or reactors (sometimes referred to as kilns) of various designs including 

shaft furnaces, rotary kilns, multiple hearth furnaces and fluidized bed reactors (Thomas and Yaro, 

2007). 

Examples of calcination processes include the following: 

i. Decomposition of hydrated minerals, as in the calcination of bauxite to remove crystalline water 

as water vapour; 

ii. Decomposition of volatile matter contained in raw petroleum coke 

iii. Heat treatment to effect phase transformations, as in conversion of ilmenite or anatase to rutile 

or devitrification of glass materials. 

2.4.1.2.1 Calcination Reactions 

Calcination reactions usually take place at or above the thermal decomposition temperatures (for 

decomposition and volatilization reactions to occur at the transition temperature for phase 

transitions to occur). This temperature is usually defined as the temperature at which the standard 

Gibbs free energy of reaction for a particular calcination reaction is negative. For example, in 

limestone calcination, a decomposition process, the chemical reaction is (Shen et al., 2018) 

CaCO3(s) → CaO(s) + CO2(g)         (2.3) 
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The standard Gibbs free energy of reaction is approximated as G
o
r =177,100 - 158T (J/mol). The 

standard free energy of reaction is zero in this case when the temperature, T is equal to 848
0
C 

2.4.1.2.2 Oxidation 

In some cases, calcination of a metal results in oxidation of the metal. Lead and tin when calcined 

gained weight, presumably as they were being oxidized (Shen et al., 2018). 

2.5 Methods of Characterizing Minerals 

Metallurgical analysis involves the qualitative as well as the quantitative analysis of materials both 

raw (e.g. ores) and products (e.g. metals, alloys and slags). 

Analytical methods in metallurgical analysis are classified into classical and instrumental methods. 

The classical method is slow and is employed for practical purposes. In the other hand, the 

instrumental methods are faster and quite precise. 

The instrumental analytical techniques used are: X-Ray Fluorescence (XRF), X-Ray Diffraction 

(XRD), Scanning Electron Microscopy (SEM), Atomic Absorption Spectrometry (AAS) etc. 

2.5.1 X-Ray Fluorescence (XRF)  

XRF is an analytical method to determine the chemical composition of all kinds of materials. The 

materials can be solid, liquid, powder, filtered or other form. XRF sometimes can be used to 

determine the thickness and compositions of layers and coatings (Brouwer, 2006). 

The method is fast, accurate, and non-destructive, and usually requires only a minimum of sample 

preparation. Applications are very broad and include the metal, cement, oil, polymer, plastic and 

food industries, along with mining, mineralogy and geology, and environmental analysis of water 

and waste materials (Brouwer, 2006). 
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2.5.2 Scanning Electron Microscopy (SEM/EDS) 

SEM is an analytical technique which uses a focused beam of high-energy electrons to generate a 

variety of signals at the surface of solid specimens. The signals that derive from electron-sample 

interactions reveal information about the sample including external morphology (texture), chemical 

composition (using Energy Dispersive Spectrometry EDS), crystalline structure and orientation 

(using diffracted back-scattered electron EBSD) of the material (i.e. Sample). 

SEM works at a high magnification reaches to 300,000x and even 1000000 (in some modern 

models) in producing images very precisely of wide range of materials. Energy Dispersive X-ray 

Spectroscopy (EDS) works together with SEM to provide qualitative and semi-quantitative results. 

Both techniques, together, have the potential to introduce fundamental information on material 

composition of scanned specimens, which could not be provided by the common laboratory tests 

(Mohammed et al., 2018). 

2.5.3 X-Ray Diffraction 

XRD is a non-destructive analytical method used for both qualitative and quantitative analysis of 

materials. It is used to study the structure, phase composition, and physical properties of materials. 

This analytical technique is primarily used for phase identification of a crystalline material, also 

used to measure the structural properties (strain state, grain size, epitaxial, phase composition, 

preferred orientation and defect structure) of these phases and to determine the thickness of the thin 

films and multilayer (by determining the lattice mismatch between film and the substrate and to 

inferring stress and strain), and atomic arrangement in amorphous materials including polymers and 

at interface (Masok et al., 2015).   
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XRD uses X-rays of a known wavelength that are passed through a sample for identification of the 

crystal structure. X-rays interact with electrons in the material and are scattered giving diffraction 

pattern. The position of diffraction peaks by lattice of the crystal, give a unique pattern at different 

angles and of different intensity (Warui, 2015). 

2.6 Comminution Process 

Comminution is a process whereby ores are progressively reduced to particle size which enables 

liberation of valuable minerals from the gangue and can be separated by various methods available 

for processing of ores (Wills et al., 2006). Crushing and grinding are the two primary comminution 

processes.  

2.6.1 Theory of Comminution 

Comminution theory is concerned with the relationship between energy input and the particle size 

produced from a given feed size. The problem that is associated to comminution is the energy 

expended in machine operation, hence only a small fraction of the total energy is available for 

breaking the material (Wills et al., 2006). 

2.6.2 Grindability 

Grindability refers to the ease with which materials can be comminuted, and data from grindability 

tests are used to evaluate crushing and grinding efficiency (Wills et al., 2006). The most widely 

used parameter to measure the grindability of an ore is the Bond work index. 
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Table 2.3 Give the work index of some minerals ores samples 

Material Work Index Material Work Index 

Barite 4.28 - 6.24 Fluorspar 2.98 - 9.76 

Bauxite 2.38 - 9.45 Granite 2.68 - 15.13 

Coal 1.63 - 11.37 Graphite 1.75 - 45.03 

Dolomite 2.82 - 11.27 Limestone 2.69 - 11.61 

Emery 3.48 - 58.18 Quartzite 2.71 - 12.18 

Columbite 3.94 - 10.81 Titanium ore 4.23 - 11.88 

Tantalite 3.6 - 11.90 Silica sand 2.65 - 16.46 

Source: Ministry of Mines and Steel Development (MMSD, 2012) 

2.7 Mineral Beneficiation Processes 

Beneficiation of any type of ore for its mineral or metal values and also for the design of the 

appropriate flow-sheet(s) for the beneficiation of the ore comprises the use of unit processes of 

mineral beneficiation. The separation unit processes of mineral beneficiation are broadly classified 

into: 

(a). Physical separation: Gravity, Magnetic, Froth flotation, Electrostatic or High tension and 

Sorting. 

(b). Chemical separation: Leaching, Precipitation, Solvent separation and Electrowinning. 

(c). Biological separation: Bacterial leaching. 

(d). Pyrometallurgical separation: Thermal pretreatments include the followings: Roasting, 

Calcination, Sintering, Smelting and Refining 

(e). Combinations of some or all the separation unit processes 

Based on the geological, chemical, mineralogical and pilot plant concentration tests conducted 

conceptual flow-sheet is prepared incorporating one or a combination of the above unit processes 
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for the beneficiation of the ore(s). The following principles explained some of these separation 

methods utilize in mineral processing (Thomas and Yaro, 2007). 

Heat or thermal treatment of ores is carried out by heating up the ores to a certain temperature to 

obtain a product with specific properties which is aimed at the breaking and removal of some 

associated impurities prior to beneficiation. Among the thermal treatment operations include: 

Calcination, Roasting etc. The upgrading of valuable mineral from their naturally occurring ores is 

differently referred to as “mineral dressing”, “ore dressing”; and “mineral beneficiation”. 

Beneficiation is an important intermediate step in the transformation of natural ore to pure metal. 

Thus, a successful beneficiation of an ore is greatly entangled to the available information on the 

nature and properties of the various components making up the ore. In achieving the 

aforementioned steps, chemical and mineralogical characterization of the ore are usually of utmost 

importance. 

2.7.1 Processing of Titanium-Containing Minerals 

Present invention relates to the removal of iron from titanium-containing minerals with focus on the 

oxidation of iron particularly. A significant quantity of the world’s titanium products is obtained 

from synthetic rutile (TiO2), a material which is manufactured from the mineral ilmenite via the 

Becher Process. The Becher process is an industrial process used to produce rutile, a form of 

titanium dioxide, from the ore ilmenite. It is competitive with the chloride process and the sulfate 

process, which achieve similar net conversions (Benson et al., 2016). 

With the idealized formula FeTiO3, ilmenite contains 55-65% titanium dioxide, the rest being iron 

and other associated minerals. The Becher process, like other beneficiation processes, aims to 

remove iron. The Becher process exploits the conversion of the ferrous iron (FeO) to ferric iron 

(Fe2O3). This process was developed by the Western Australian Government Laboratories in 1961 
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and is currently used in commercial operations. The Becher process is suitable for weathered 

ilmenite that has low concentrations of chromium and magnesium. There are four steps involved in 

removing the iron portion of the ilmenite which include: Oxidation, Reduction, Aeration and 

Leaching. 

2.7.1.1 Oxidation 

Oxidation involves heating the ilmenite in a rotary kiln with air to convert iron to iron (III) oxide: 

4 FeTiO3 + O2 → 2 Fe2O3·TiO2 + 2 TiO2       (2.4) 

This step is suitable for a range of ilmenite-containing feed stocks. 

2.7.1.2 Reduction 

Reduction is carried out in a kiln with pseudobrookite (Fe2O3.TiO2) and coal then heated to a 

temperature greater than1200 °C. The iron oxide in the mineral grains is reduced to metallic iron to 

produce reduced ilmenite: 

Fe2O3·TiO2(s) + 3 CO(g)  → 2 Fe(s)+ TiO2(s) + 3 CO2(g)      (2.5) 

The "reduced ilmenite" is separated from the char prior to the next step. 

2.7.1.3 Aeration 

Aeration involves the removal of the metallic iron produced in the last step by rusting it out. This 

conversion is achieved in large tanks that contain 1% ammonium chloride solution with air being 

pumped through the tank. The tank is being continuously agitated, and the iron will rust and 

Precipitate in the form of a slime (Ward et al., 1999). 

4 Fe(s) + 3 O2(g) → 2 Fe2O3(s)         (2.6) 
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The finer iron oxide is then separated from the larger particles of synthetic rutile. 

2.7.1.4 Leaching (Acid) 

Once the majority of the iron oxide has been removed the remainder of it is leached away using 

0.5M sulfuric acid. 

2.8 Beneficiation of Titanium Ore 

Titanium mineral is processed by removing gangue (unwanted materials) from the ore so as to 

increase its economic value. This is done for low grade ores in other to increase their value for 

further extraction. Most mineral including titanium occurs as low grade. Commonly used methods 

for beneficiating titanium ores include froth flotation, gravity and magnetic separation (Warui, 

2015). 

Beneficiation involves comminution (crushing and grinding); washing; filtration; sorting; sizing; 

gravity; magnetic; flotation; and agglomeration (pelletizing, sintering, briquetting, or nodulizing). 

Beneficiation upgrades the metal content of ores, especially those whose percentage levels are low, 

for example titanium among many minerals (Warui, 2015). This removes unwanted materials that 

make the ore useful for extraction. Titanium ores contains iron, silica and others as gangue in high 

amounts. This can be separated by use of a magnet due to magnetic nature of iron rich titanium ore. 

The levels of the metal of interest goes up in the ore are increased significantly making it possible 

to extract it at a lower cost. Low grade Ti ores has so many unwanted materials which include silica 

and other earthly particles (Warui, 2015). 

 Beneficiation leads to reduction of freight and shipping cost since less material require less space 

and resources to be moved from one location to another. These materials are mostly non-magnetic. 
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Removal of these materials makes it possible for the developing countries to manage the 

transportation expenses. 

Titanium mining has not been exploited fully since there are no local industries to absorb the 

mineral and the freight costs are too prohibitive for an export market. 

2.8.1 Magnetic Separation of Rutile 

Magnetic separation is commonly used for beneficiating iron bearing mineral. Some gangue 

minerals have the properties of magnetism, such as magnetite, ilmenite, biotite, chlorite, amphibole 

and sphene, but rutile almost has no magnetism, so magnetic separation can be used to separate 

rutile from the gangue minerals mentioned above (Wang et al., 2013). 

The high intensity magnetic separation is mainly to remove the minerals with low magnetism, like 

monazite and xenotime. The low intensity magnetic separation is used to remove the mineral with 

high magnetite, like ilmenite and titanomagnetite (Wang et al., 2013). Many studies have been done 

on magnetic separation technologies for rutile minerals.  

Ilmenite is paramagnetic with relatively low magnetic susceptibility (Warui, 2015). Magnetic 

susceptibility of iron rich titanium ores such as ilmenite can be increased significantly by heating it 

in the presence of reducing agents, such as carbon monoxide and syngas (Ciu et al., 2002).  

Thermal reduction of ilmenite with carbon monoxide converts FeO in ilmenite (FeO.TiO2) to 

maghemite (γ-Fe2O3.TiO2). Its magnetic susceptibility is high (Ciu et al., 2002). Maghemite is also 

formed as a result of oxidation of magnetite, with less than 2 percent TiO2 (Warui, 2015). 

Maghemite loses Fe ions but retain the spinel structure. The roasted ilmenite has a higher magnetic 

susceptibility and thus can be separated by use of a magnet. Magnetic separation has been used in 
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the concentration of magnetite due to its strong magnetic susceptibility (Warui, 2015). Magnetite 

can be converted to maghemite (γ-Fe2O3) at temperatures above 600°C. The structure of this 

mineral contains iron which enables the concentration of titanium dioxide. 

Titanium and iron formations follow a similar trend. Magnetic susceptibility of iron can be used to 

concentrate Ti. This suggests that Ti can be concentrated using magnetic separation (Warui, 2015).  

2.8.2 Gravity Separation of Rutile 

Gravity concentration methods separate minerals of different specific gravity by their relative 

movement in response to gravity and one or more other forces, the latter often being the resistance 

to motion offered by a viscous fluid, such as water or air (Wills et al., 2006). 

Particles settle differently depending on their densities. Particles with the highest density settle fast 

while those with less density follow. The sharp differences in the density of titanium and that of 

iron can be utilized in their separation using the gravity separation technique. 

Except for magnetite, biotite, ilmenite, hematite, goethite, chlorite, amphibole and sphene, the 

specific gravity of the other gangue minerals is 2.1-3.1, and the specific gravity of rutile is 4.1-5.2, 

so gravity separation can be used to separate rutile from the above gangue minerals with lower 

specific gravity (Wang et al., 2013). 

Gravity separation process can also be used for de-sliming, and then the dosage of flotation reagents 

can be reduced. The main equipment of gravity separation includes shaking table, spiral chute, 

centrifugal concentrator and spiral concentrator. Spiral chute and shaking table are often used in the 

beneficiation of rutile. With the advantages of low production cost and less pollution to the 
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environment, gravity separation technology has been paid much attention in the beneficiation of 

rutile minerals (Wang et al., 2013). 

Given the properties of primary rutile minerals, the effect is stilled not good enough using the 

common equipment of gravity separation, thus the development of highly efficient gravity 

separation equipment, especially for fine particle rutile minerals, is an important step for the 

comprehensive exploitation and utilization of rutile minerals (Wang et al., 2013).  

2.8.3 Froth Flotation of Rutile 

Flotation is a very important method in mineral processing, and it can be used to process fine 

particle ores. For the flotation of rutile minerals, its main principle is to use flotation reagents with 

active functional groups like -COOH, -AsO3H2, -PO3H2NOH, which can absorb on the surface of 

TiO2 by chemical bonds, and then cause flotation as the hydrophobic hydrocarbyl (Wang et al., 

2013). 

The development of the flotation technologies mainly depends on the development of flotation 

reagents, including the collectors and regulators. The main collectors in the flotation of rutile 

include anionic collector like arsenic acid, fatty acid, and chelating collector like styrene 

phosphonate, hydroximic acid. These collectors can be used alone, some can be mixed with each 

other, which may cause the synergistic effect and improve the effect of flotation (Wang et al., 

2013). 

 It is widely believed that the collecting ability of different reagents for rutile from best to worst is 

hydroxamic acid＞benzyl arsenic acid＞styrenephosphonate＞salicyl hydroxamic acid, and the 

selecting ability from best to worst is styrene phosphonate＞benzyl arsenic acid＞hydroxamic acid
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＞salicyl hydroxamic acid. The collectors containing phosphate radicals or phosphonate radicals 

have a good collecting ability for the minerals containing calcium (Wang et al., 2013). 

Froth flotation is used to separate a large range of sulphides, carbonates and oxides prior to further 

refinement. The ore is crushed to fine powder, mixed with water to form slurry. Surfactant or 

collector chemicals are added to make the mineral hydrophilic. The slurry is then aerated in a water 

bath to form air bubbles as illustrated in the Figure 2.3 

 

Figure 2.3 Flotation Cell: Source (Warui, 2015) 

Slurry is separated into two, a hydrophilic mineral and hydrophobic gangue. The air bubble forms a 

stable froth with the mineral thus reducing its density hence making it possible for it to float and is 

skimmed off (Warui, 2015).  

2.8.4 Electrical Separation of Rutile 

Electrical separation utilizes the difference in electrical conductivity between the various minerals 

in the ore feed. Since almost all minerals show some difference in conductivity it would appear to 

represent the universal concentrating method (Wills et al., 2006). 
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Rutile is a good conductor, thus electrical separation can be used to separate rutile from apatite, 

zircon and other minerals with low electric conductivity. High voltage double roller separator, high 

voltage Corona electricity separator and swing electric separator are often used in the electrical 

separation of rutile minerals, different electrical separators are chosen according to different 

contents of leucosphenite, zircon and rutile (Wang et al., 2013). 

2.9 Previous Works on Titanium Ores 

i. Siyanbola et al., (2004) worked on “Elemental Composition of rutile from south-western Nigeria 

using X-ray techniques”. Quantitative analyses of the ore using pellets made from properly 

homogenized samples showed that the concentration of titanium dioxide (TiO2), which is the 

dominant phase in the mineral, could be as high as 82.45 wt.%, giving Ti concentration of 49.4 wt. 

%. Other major elements observed in the ore include Fe (3.1 wt. %), V (1.01 wt. %), Ca (0.19 wt. 

%) and K (0.21 wt. %). In addition, several other elements/impurities were detected in minor and 

trace quantities including; Cr, Mn, Co (with concentration between 300 and 1000 ppm) and Zr, Ni, 

Zn, Rb, W, Pb, Sr, Y, Mo, Nb, Br, As, Cu (with concentration between 10 and 300 ppm). But do 

not carry out the beneficiation process of the rutile ore. 

ii. Itoh et al., (2006) worked on the “Feasibility Study of the New Rutile Extraction Process from 

Natural Ilmenite Ore Based on the Oxidation Reaction”. It is found that rutile can be produced from 

common natural ilmenite ores not only by the reduction as the conventional titanium-rich slag 

process but also by an oxidation. The feasibility of the process was confirmed experimentally by 

oxidation of an Australian natural ilmenite ore in air followed by leaching of synthesized 

pseudobrookite in diluted sulfuric acid. Oxidation leads to a considerable reduction of energy 

consumption to extract rutile in comparison with the conventional titanium-rich slag process and 
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also diluted acid leaching of oxidized ore results in reduction of the amount of sulfuric acid 

required.  The calcination thermal pret-reatment of the ilmenite ore was not investigated.  

iii. Jha et al., (2008) carried out the “Beneficiation of titaniferous ores by selective separation of 

iron oxide, impurities and rare earth oxides for the production of high-grade synthetic rutile”. A 

new process for the production of synthetic rutile which includes high temperature alkali roasting 

process and the ensuing hydrometallurgical leaching steps has been developed. It was found that the 

various complex phases of Na–Ti–Fe–Al–Si-O formed during roasting reaction were responsible 

for the removal of impurities. Also, the effect of calcination on the thermal pre-treatment of the 

titaniferous ores was not investigated. 

iv. Setyani et al., (2014) worked on the “The Effect of Roasting Temperature at 400
o
C and 

Sulphuric Acid Concentration on TiO2 Extraction Process from Zircon Sand Ilmenite”. In this 

study, the leaching process lasted in two stages. For the first leaching samples of combustion 

products were leached using distilled water to remove water-soluble impurities. For the second 

stage, the deposition obtained from stage one is leached using 8, 10, and 12 M concentrated 

sulphuric acid at high temperature to dissolve iron. The result showed that the sample at 

temperature of 400
o
C and concentrated sulphuric acid of 12 M is whiter in colour compared to other 

samples. Furthermore, at temperature 400
o
C and concentrated sulphuric acid of 12 M, the titanium 

dioxide produced is 32.3% and 11.5% for rutile and anatase, respectively. Here the effect of thermal 

pre-treatment of calcination was also not investigated.  

v. Terzi et al., (2015) worked on the “Investigation of Recovery Possibilities of Rutile Minerals 

from the Feldspar Tailings with Gravity Separation Methods”. It was determined that feed sample 

contains TiO2 at the rate of 1.90% and TiO2 content is associated with the feldspar tailings to a 

large extent. As a result of beneficiation tests; a concentrate containing 11.26% TiO2 with a 50.43% 
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rate of recovery were obtained in the shaking table tests and a concentrate containing 17.11% TiO2 

with 89.33% rate of recovery were obtained in the MGS tests by using optimum conditions. In 

consideration of results obtained it is presented that gravity methods are able to be used as method 

of a pre-beneficiation in the recovery of titanium minerals from feldspar tailings. 

vi. Hiraki et al., (2018) worked on the “Up-grading of natural ilmenite ore by combining oxidation 

and acid leaching”. He showed that a fluidized bed reactor can be used to oxidize ilmenite ore to 

rapidly form rutile and pseudobrookite (Fe2TiO5) phases. Ilmenite was oxidized with 5vol% O2 in 

Air at temperatures of 1173 K or 1223 K and subsequently leached using a diluted H2SO4 solution 

to dissolve the pseudobrookite phase. The effects of acid concentration, temperature, and cooling 

rate after oxidation were investigated.  He concluded that the ilmenite was rapidly oxidized to form 

rutile and pseudobrookite phases at 1173K and 1223 K in a 5vol.% O2/95 vol.% Air environment 

within 40 minutes . The final maximum rutile yield was 84.2mol% after leaching in (1 + 1) H2SO4 

solution at 393 K for 12 h. 

vii. Nguyen et al., (2019) worked on “A review on the recovery of titanium dioxide from Ilmenite 

ores by direct leaching technologies”. He reported that, temperature, time and acid concentration 

significantly affect the dissolution of titanium and impurities in ilmenite. The addition of either iron 

powder or chloride/sulfate salts affects significantly the leaching rate of ilmenite. He recommended 

either HCl leaching followed by solvent extraction or alkaline leaching followed by hydrolysis-

calcination as the suitable method for the production of pure TiO2 from ilmenite.  

From all the literatures reviewed so far, none of the researchers investigated the effect of both 

calcination and roasting at the same time on either ilmenite or rutile ores they have worked upon. 

Both Calcination and Roasting thermal pre-treatments have great effect on the transformation of the 

structures of the ores. Literatures revealed that both calcination and roasting can be utilized in the 
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beneficiation of ilmenite and rutile ores. However, based on literatures reviewed on rutile and 

ilmenite ores, no work on the effect of thermal pre-treatment on the beneficiation of Ndit ilmenite 

resource has been carried out.   

 

 

 

 

 

 

 

 

  



 
 

28 

CHAPTER THREE 

MATERIALS AND METHOD 

3.1 Materials 

i. Ndit Ilmenite sample  

ii. Reference ore sample (Granite)  

3.2 Equipment  

The following equipment was used in this research. 

i. Laboratory sledge hammer 

ii. Pulverizing machine 

iii. Ball mill 

iv. Set of sieves/laboratory shaking machine 

v. Electronic Weighing Scale 

vi. X-Ray Fluorescence (XRF) Machine 

vii. Scanning Electron Microscopy (SEM)/ Energy Dispersive Spectrometry (EDS) 

machine 

viii. X-Ray Diffraction (XRD) machine 

ix. Petrological microscope 

x. Muffle furnace 

xi. Global Positioning System (GPS) 

xii. High Intensity Magnetic Separating Machine 

xiii. Gravity Separator/Air-float Separating Machine 
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3.3 Methodology 

3.3.1 Sample Collection 

Representative sample was sourced from the ilmenite resource site in Ndit Village, Bogoro Local 

Government Area of Bauchi State, Nigeria. Grab sampling method was used alongside taking the 

GPS to determine the geographical points/coordinates at which samples were collected. Fifty 

kilograms (50kg) of the sample was sourced from four (4) different points at an interval of fifty 

meters (50m) apart in order to have a representative sample of the ilmenite resource. Table 3.1 

shows the GPS coordinates of where the Rutile resource sample was sourced. 

3.3.2 Sample Preparation 

Sample preparation involves comminution which consists of crushing and grinding operation. The 

lump particles of the sample were reduced to the size that are suitable for the pulverizing machine. 

3.3.3 Sampling 

Coning and quartering sampling method was used to take a representative sample for sieve analysis. 

3.3.4 Chemical Analysis 

Chemical analysis was carried out using X-ray Fluorescence (XRF) Spectrometry (ARL QUANT`X 

EDXRF spectrometer) at the Umaru Musa Yar'adua University, Katsina State. This analysis was 

carried out to determine the elemental composition. 

The Ilmenite ore sample was pulverized using jaw crushing machine, disc miller and finally cup 

miller to fine particle size of 100 mesh (0.15 microns). The powdered sample was placed in the 

sample cup filling up¾ parts of the cup with the sample. The cup was then covered with film to 

avoid wrinkles on it, and finally the slim ring was fixed by sliding it down and the thick ring on top 

of the cup. After the cups preparation, the cups were placed on the sample stage inside the 
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spectrometer chamber (placed with the side to be analyzed facing down toward the X-ray tube). X-

rays from the X-ray tube penetrate the layers on the disk and excite the elements in the sample 

which emits fluorescence X-ray photons with energies that are characteristic of each element in the 

sample. These X-ray photons are measured by a detector, which produces a spectrum. The software 

automatically integrates the peaks for each element. 

3.3.5 Mineralogical Analysis 

Mineralogical analysis was carried using X-ray Diffraction (XRD) Panalytical Empyrean 

Diffractometer at the Nigerian Geological Survey Agency (NGSA) Kaduna, while Scanning 

Electron Microscope (SEM)/ Energy Dispersive Spectrometry (EDS) analysis was carried out using 

(SEM/EDS) Phenom Pro X model in the Department of Geological service, Research and 

development unit, National Steel Raw Materials Exploration Agency (NSRMEA) Kaduna. Through 

these analyses the major and minor mineral phases; size and shape of the various minerals 

contained in the rutile matrix were identified. 

3.3.5.1 X-ray Diffraction Analysis  

Powdered sample of the ilmenite was prepared and placed in a standard sample holder of the X-ray 

diffractometer. A collimated beam of X-rays was incident on the specimen and diffracted by the 

crystalline phases in the specimen. The intensity of the X-rays was as a function of the diffracted 

angle 2ꝋ and the specimen’s orientation. The peaks displayed and expressed the sample 

composition at the various angle of the degree theta. 

3.3.5.2 Scanning Electron Microscope (SEM) Analysis 

Small amount of powdered sample was placed on the sample holder and mounted inside the 

machine. A vacuum was built in the sample chamber, the sample was irradiated to generate 
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emission from which micrograph of the sample was produced. During the process the EDS was also 

carried out to establish the spectra of the major elements. 

3.3.5.3 Petrological Analysis 

Petrological analysis of the ore was carried out using the Petrological Optical Microscope (POM) 

with inbuilt camera at the department of Geology, Ahmadu Bello University, Zaria. Thin sections 

of representative sample of the pits were prepared and studied using both plane polarized and cross 

polarized lights. The samples were cut, ground and polished using polishing machine until a thin 

transparent surface is obtained. The prepared sample was mounted on glass slide glued with 

adhesive and heated in the oven to obtain the thin sections when removed. The thin sections were 

then viewed through the petrological microscope with an inbuilt camera to obtain the micrograph. 

The distribution of each mineral in the sample was determined using the point counting. The 

micrographs were used for the analysis through comparison with a mineral colour map atlas. 

3.3.6 Sieve Size Analysis 

Particle size analysis was carried out to establish the distribution of minerals in the various sieve 

fractions. Well prepared sample of 200g was poured on the set of sieves and placed on the sieve’s 

shaking machine using the scale of root two √2 sieve arrangement as follows: +425μm, +425-

355μm, -355+250μm, -250+180μm, -180+125μm, -125+90μm, -90+63μm, -63+45μm for 15 

minutes. The retained sieve size fractions samples on each sieve were weighed and analyzed for 

their chemical contents. 

3.3.7 Liberation Size Analysis 

Liberation size study was carried out to establish the distribution of various minerals especially the 

titanium (Ti) bearing minerals in the various sieve size fractions.  200g of ground sample was 

subjected to sieve analysis. Nominal sieves size ranges from +425µm to -45µm with the coarsest 
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sieve at the top were used. A tight fitting pan was placed at the bottom sieve to receive the final 

undersize and a lid was placed on the top of the coarsest sieve size to prevent escape of the sample. 

The arranged sieves were placed on the sieve shaker which vibrates the materials vertically. This 

was carried out for twenty minutes after which the machine was turned off and the materials 

retained on each sieve size weighed and labeled appropriately. The sample in each sieve size 

fraction was analyzed using X-ray Fluorescence spectrometry (XRF). The sieve fraction that 

contains the highest percentage assay of TiO2 content is considered as the liberation size of the 

ilmenite resource. 

3.3.8 Work Index Determination 

Modified Bond (Berry and Bruce) method which involves using test and reference ore samples was 

employed to determine the work index of the ore. 

The sample of the reference ore was ground manually with a sledge hammer to provide required 

size acceptable as feed to the Denver laboratory jaw crusher. The sample was crushed and 

pulverized; part of the pulverized samples was weighed for sieve analysis. The modified Bond’s 

method of determining the work index of ore involves use of reference ore of which grindability is 

known. The procedure is as follows: 

i. 200g each of samples of the ore under test and the reference ore were crushed and 

pulverized in the laboratory mill machine for an hour, 

ii. The samples of test and reference ores were taken and sized by sieving into a number of 

size fractions using the automatic sieve shaker for 15 minutes. 

iii.  Each size fractions of the test and the reference ores were weighed and the value noted 

as “feed”. 
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iv. The “feed” test and reference ores were each gathered together and introduced into the 

Laboratory ball milling machine and ground for 20 minutes. 

v.  The test and the reference ores from the laboratory ball mill machine were sized and 

each sieve fraction was weighed and the value noted as the product or discharge. 

vi.  The results of the test were tabulated and used to calculate the work index of the test ore 

using the bond’s equation. 

The ground samples were sieved into the following sieve size fractions; +425μm, -

425+355μm, -355+250μm, -250+180μm, -180+125μm, -125+90μm, -90+63μm, -

63+45μm using Denver automatic sieve shaker for 15 minutes. 

The selection of sieves was based on scale of root two and arranged from the coarsest on top and 

the finest sieve at the bottom. The sample was placed at the topmost sieve and a pan was placed at 

the bottom.  

The work index of the ore was determined by comparing its grindability. 

Wr = Wt                     (3.1) 

 Wir =  
  

   
] − [

  

   
] = Wit = [

  

   
 ] − [

  

   
]       (3.2) 
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√  
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√  
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√  
]  

                                                                    (3.3) 

Where Wr = Energy input in grinding the reference ore; Wt = Energy input in grinding the ore test  

Wir = work index of the reference ore; Wit = work index of the test ore 

 Fr = 80% passing feed of the reference ore; Ft = 80% passing feed of the ore test 

 Pr= 80% passing product of the reference ore; Pt = 80% passing product of the ore test. 

Therefore, the work index of test ore was determined using equation (3.2) 
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3.4 Thermal Pre-Treatment 

3.4.1 Calcination 

Calcination was carried out in the muffle (SX-5-12 Box-Resistance) furnace. The prepared sample 

of weight 250g was poured on a refractory ceramics crucible and introduced into the furnace. The 

furnace is then closed, switched on and the temperature and time of 650
o
C for 60 minutes was set. 

The sample was heated in the absence or limited supply of air. In the attainment of the set 

temperature and time for the complete process to take place, the heated sample was left to furnace 

cool. 

Table 3.1 Calcination Parameters 

  Levels  

Factors - 0 + 

Time (min) 30 45 60 

Temperature (
o
C) 300 650 1000 

 

3.4.2 Roasting 

Roasting was carried out in the muffle (SX-5-12 Box-Resistance) furnace. The prepared sample of 

weight 250g was poured on a refractory ceramics crucible and introduced into the furnace. The 

furnace is then closed, switched on and the temperature and time 300
o
C for 60 minutes was set. The 

sample was heated and in the attainment of the set temperature and time for the complete process to 

take place, the heated sample was brought out to air cool. 
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Table 3.2 Roasting Parameters 

  Levels  

Factors - 0 + 

Time (min) 30 45 60 

Temperature (
o
C) 300 650 1000 

 

3.5 Beneficiation 

3.5.1 Magnetic Separation Using High Intensity Magnetic Separator (Reverse Magnetic Separation) 

250g of prepared sample was introduced into the magnetic separator at 2.5T magnetic field. The 

machine separates the sample into concentrate and tailings based on magnetic susceptibility. The 

non-magnetic product of the machine which is the concentrate was taken for further processing on 

the gravity separator (Air-float) machine. This separation process was carried out at the National 

Metallurgical Development Centre (NMDC) Jos. 

3.5.2 Gravity Separation 

The non-magnetic product of the magnetic separator was introduced on the air-float machine. This 

was carried out to separate the constituents based on their specific gravity differences. 

Both the concentrate and the tailings were collected and analyzed using the XRF to determine their 

chemical composition. This separation process was carried out at the National Metallurgical 

Development Centre (NMDC) Jos. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Coordinates of the Ilmenite Resource Site 

Table 4.1 presents the coordinates of the Ilmenite resource site. 

Table 4.1 Coordinates of the Ilmenite Resource Site 

S/N Coordinates 

Pit A Latitude 9.55938 N9
o
33’33.75972’’ 

Longitude 9.51057 E9
o
30’38.04336’’  

Pit B Latitude 9.55712 N9
o
32’30.72951’’  

Longitude 9.51211 E9
o
2936.13236’’ 

Pit C Latitude 9.7331 N9
o
33;32.76132’’   

Longitude 9.54132 E9
o
30’35.05247’’ 

Pit D Latitude9.53731 N9
o
31’33.71742’’  

Longitude 9.5029 E9
o
28’30.14235’’  

 

Table 4.1 shows the coordinates of the various points where the ilmenite resource was collected. 

The ilmenite resource was sourced from Ndit village, Bogoro Local Government Area of Bauchi 

State, Nigeria. 
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4.2 Chemical Composition of the Head Sample 

Table 4.2 presents the result of the chemical analysis of Ndit Ilmenite Resource in weight 

percentages. 

Table 4.2 Chemical Composition of Ndit Ilmenite Resource as determined using the (XRF) 

machine 

Compounds   % 

TiO2 41.50 

Fe2O3 21.78 

SiO2 18.20 

Al2O3 15.85 

Nb2O5 1.18 

TaO5 0.20 

MnO 0.65 

Others 0.64 

 

From Table 4.2, the result reveals that the run-of-mine ilmenite resource contains 41.50% TiO2, 

21.78% Fe2O3, 15.85% Al2O3, and 18.20% SiO2 as the major minerals, 1.18% Nb2O5 as the minor 

mineral, 0.20% TaO5, 0.65% MnO and 0.64% others as trace minerals. The distribution of the 

various minerals in the matrix of the rutile could be attributed to the mineralization of the rutile 

during its geochemical formation and this trend agreed with Mallo, (2007). Despite the silica 

content and other associated minerals of the Ndit Ilmenite, their presents cannot stop the 

utilization of the Ilmenite resource. Since the silica and other associated minerals can be 

removed during beneficiation. Hence, the Ndit ilmenite resource can be said to be another 

potential source of titanium and other minerals that can be beneficiated and utilize in the 

nation’s metallurgical industry. 
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4.3 Mineralogical Analysis 

4.3.1 XRD Analysis 

Figure 4.1 the XRD patterns and mineralogical analysis of the Ndit ilmenite resource  

 

    Figure 4.1 XRD pattern for Ndit Ilmenite Resource 
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Table 4.3 XRD Analysis of the Ndit Ilmenite Head Sample 

Mineral Name  Chemical Formula % Composition 

Ilmenite FeTiO3 (FeO.TiO2) 75 

Rutile TiO2 25 

  

Figure 4.1 shows the XRD diffractogram (spectra) pattern of the mineral phases contained in the 

matrix of the Ndit ilmenite while Table 4.3 presents the % proportion of the mineral phases of the 

Ndit ilmenite. The XRD diffractogram result in Figure 4.1 and the % proportion of the mineral 

phases in Table 4.3 revealed that, Ilmenite (FeTiO3) or (FeO.TiO2) with 75% phase proportion is 

the predominant and major mineral phase. While Rutile (TiO2) with 25% phase proportion is the 

minor mineral phase contained in the matrix of the Ndit ilmenite. The variation in the % phase’s 

proportion of the ilmenite resource could be attributed to the differential mineralization that 

probably was caused by geochemical tectonic activity/thermal fluid movement that favour more the 

crystallization of ilmenite to rutile phase. This trend has also, been reported in Salawu, (2015). 

However, the non-appearances of other minerals phases as revealed in the XRF analysis could be 

attributed to their low limit of detection (LOD) by the XRD. Hence, the need to correlate the XRD 

result with XRF, SEM/EDS and Petrological to ascertain the nature of the ilmenite resource mineral 

constituents since their interactions may affect their beneficiation processes. 

4.3.2 Scanning Electron Microscopy 

Plates I and II are the SEM micrographs of Ndit ilmenite resource showing the grains size of the 

mineral contained in the sample at different magnifications. 
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Plate I SEM micrograph showing the morphology of Ndit ilmenite resource at 500x 

Where grey (Ilmenite), White (Rutile) and Dark (Hematite) 

 

   

Plate II SEM micrograph showing the morphology of Ndit ilmenite resource at 750x 

Where grey (Ilmenite), White (Rutile) and Dark (Hematite) 

 

From the micrographs of Plates I and II, it is observed that the minerals particle size is smaller and 

fine in nature and are separated by grain boundaries. The images revealed non-interlocking of 

minerals grains with varying sizes. This shows that the minerals can be fragmented, separated and 

Fe2O3 

   TiO2 

  FeTiO3 

Fe2O3 

FeTiO3 

TiO2 
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liberated from its gangue when comminuted. Rutile is seen as the white phases, grey represent the 

Ilmenite and the dark phases are Hematites. This is in line with the findings of Lv et al., (2017). 

4.3.3 Petrographic Microscopy of Ndit Ilmenite Resource 

Plates III and IV present the photomicrographs of the Ndit Ilmenite resource under plane polarized 

light (PPL) and crossed polarized light (XPL) respectively. 

 

Plate III Photomicrograph of the head sample under plane polarized light (PPL) 
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Plate IV Photomicrograph of the head sample under crossed polarized light (XPL)  

From the petrological micrographs shown in Plates III and IV, the mineral phases present under 

both plane and crossed polarized light include Rutile (reddish-brown), Ilmenite (iron-black or 

brownish-black), Hematite (Opaque) and Silica (Colourless). This confirmed the result of XRD 

analysis that showed Ilmenite as the predominant and major mineral phase and Rutile the minor 

phase. However, the petrological photomicrographs further revealed that the Ndit ilmenite also 

contains Silica and Hematite in its matrix. 
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4.4 Sieve Analysis and Liberation Size of the Sample 

Table 4.4 present the results of the chemical analysis of various sieve size fractions using XRF. 

Table 4.4 Chemical analysis of various sieve size fractions using XRF 

 

Element +425 -424+355 -350+255 -250+180 -180+125 -125+90 -90+63 -63+45 -45 

Al 15.29 14.76 14.93 16.59 16.41 16.18 16.36 17.18 17.94 

Si 36.39 36.49 36.89 37.15 37.31 36.37 37.10 36.52 39.04 

P 0.16 0.13 0.15 0.17 0.17 0.11 0.06 0.19 0.16 

K 0.08 0.22 0.09 0.17 0.14 ND ND 0.20 0.24 

Ca 1.70 0.29 0.58 1.04 0.62 1.41 1.30 2.09 1.99 

Ti 42.46 44.63 44.85 40.42 41.70 41.92 41.22 39.16 35.09 

V 0.22 0.22 0.19 0.21 0.25 0.27 0.27 0.33 0.41 

Mn 0.15 0.15 0.08 0.10 0.13 0.14 0.15 0.17 0.11 

Fe 3.54 3.06 2.02 2.68 3.26 3.59 3.53 4.15 4.98 

Nb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

 

Table 4.4 presents the result of the chemical analysis (XRF) of the various sieve size fractions, 

sieve -355+250µm contained the highest percent assay of Titanium (44.85% Ti) while -45µm has 

the least of Titanium (35.09%Ti). -355+250µm sieve size fractions has the highest Ti assay as 

compared to other sieve size fractions hence, -355+250µm sieve size is the liberation size of the 

Ndit Rutile resource. This implies that the Ilmenite resource should be ground to -355+250µm in 

order to avoid over and under-grinding which will amount to energy wastage. However, exhibition 

of  -355+250µm to have the highest proportion of Ti could be attributed to the nature of the particle 

size and shape factor of the rutile mineral which much are retained in sieve -355+250µm. Similar 

trend has also been observed and reported in Abdulkadir, (2021). 
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4.5 Work Index 

4.5.1 Test Ore (Ndit Ilmenite) and Reference (Granite) as Feeds to the Ball Mill 

 Table 4.5 and 4.6 gives the sieve analysis result of the feed to ball mill of test ore (Ilmenite). 

Calculation using the values in Table 4.5 

If 250 μm = 77.216 

Then X = 80% 

Using Gaudin Schumann Expression 

Size2 = 
                           

                           
    i e    

Where 

Size 2 =? 

Size 1 = 180 

Percentage passing size 2 = 80 

Percentage passing size 1 = 77.97 

     
      

          
  2 X 250 = 266.279 m at 80% 
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Table 4.5 Sieve Analysis of Ndit Ilmenite Sample (Test Sample) Feed to Ball Mill 

Sieve Sizes (µm) Weight 

Retained (g) 

% Weight 

Retained 

Nominal 

Apertures 

Cumulative % 

Weight Retained 

Cumulative % 

Weight Passing 

+425 1.980 0.999 425 0.999 99.001 

-425+355 5.940 2.997 355 3.996 96.004 

-355+250 36.640 18.488 250 22.484 77.516 

-250+180 35.380 17.852 180 40.336 59.664 

-180+125 28.850 14.557 125 54.893 45.107 

-125+90 23.930 12.075 90 66.968 33.032 

-90+63 19.860 10.021 63 76.989 23.989 

-63+45 15.840 7.993 45 84.982 15.018 

-45 29.720 14.996 Pan 100 0.000 

 198.180     
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Table 4.6 Sieve Analysis of Granite Sample (Reference Ore) Feed to Ball Mill  

Sieve Sizes 

(µm) 

Nominal 

Apertures 

Weight 

Retained (g) 

% Weight 

Retained 

Cumulative % 

Weight Retained 

Cumulative % 

Weight Passing 

+425 425 0.190 0.095 0.100 99.900 

-425+355 355 33.120 16.570 16.665 83.335 

-355+250 250 45.880 22.954 39.619 60.381 

-250+180 180 22.760 11.387 51.006 48.994 

-180+125 125 18.640 9.326 60.332 39.668 

-125+90 90 16.760 8.385 68.717 31.283 

-90+63 63 25.480 12.748 81.465 18.535 

-63+45 45 15.680 7.845 89.310 10.690 

-45 Pan 21.360 10.686 100 0.000 

  199.870    

 

If 355 µm = 83.335% 

Then X µm = 80% 

X µm = (
      

          
)
2
 X 355 =  327.15 µm at 80% 

4.5.2 Test Ore (Ndit Ilmenite) and References (Granite) Products as Discharge from the Ball Mill 

Tables 4.7 and 4.8 give the sieve analysis of the product of test and reference materials from the 

ball mill. 
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Table 4.7 Sieve Analysis of Ndit Ilmenite (Product of test sample) from the Ball Mill 

Sieve Sizes 

(µm) 

Nominal 

Apertures 

Weight 

Retained (g) 

% Weight 

Retained 

Cumulative % 

Weight Retained 

Cumulative % 

Weight Passing 

+425 425 0.970 0.493 0.493 99.507 

-425+355 355 2.930 1.490 1.983 98.017 

-355+250 250 12.730 6.477 8.460 91.540 

-250+180 180 23.460 11.937 20.397 79.603 

-180+125 125 62.560 31.833 52.230 47.77 

-125+90 90 16.640 8.467 60.697 39.303 

-90+63 63 21.510 10.945 71.642 28.358 

-63+45 45 19.550 9.948 81.590 18.410 

-45 Pan 36.170 18.405 99.995 0.005 

  196.520    

 

If 180 µm = 79.603% 

Then X µm = 80%  

X µm = (
      

          
 2

 X 180 = 181.799 µm at 80% 
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Table 4.8 Sieve Analysis of Granite (Product of reference sample) from the Ball Mill 

Sieve Sizes 

(µm) 

Nominal 

Apertures 

Weight 

Retained (g) 

%Weight 

Retained 

Cumulative 

%Weight Retained 

Cumulative % 

Weight Passing 

+425 425 0.99 0.502 0.502 99.498 

-425+355 355 3.94 1.999 2.501 97.499 

-355+250 250 34.48 17.499 20.000 80.000 

-250+180 180 37.43 18.997 38.997 61.003 

-180+125 125 25.61 12.998 51.995 48.005 

-125+90 90 16.76 8.506 60.501 39.499 

-90+63 63 35.46 18.997 79.498 20.502 

-63+45 45 17.73 8.998 88.496 11.504 

-45 Pan 24.63 12.500 100 0.000 

  197.03    

 

If 250 µm = 80.00% 

Then X µm = 80% 

Xμm= (
      

      
 2

 X 250 = 250µm at 80% 

Using Bond’s equation 

       
[

  

√  
] [

  

√  
]

[
  

√  
] [

  

√  
]  

                                                                    

Where; 

 Wir = work index of the reference ore;  Wit = work index of test ore; 

Pr = the diameter of the reference ore product, 80% of which passes through 100 μm aperture; 

Pt = the diameter of the test ore product, 80% of which passes through 100 μm aperture; 
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Fr = the diameter of the reference ore feed, 80% of which passes through 100 μm aperture; 

Ft = the diameter of the test ore feed, 80% of which passes through 100 μm aperture; 

Wr = work input in kilowatt hour/short ton for reference ore and; 

Wt = work input in kilowatt hour/short ton for test ore. 

Pr = 250 µm   Pt = 181.799 µm 

Fr = 327.15 µm  Ft = 266.279 µm 

Wir = 15.13 (granite work index value) 

Therefore: 

Wit = 15.13 
   √      √       

   √           √        
 = 9.35kWh/t  

The value of the work index of the ore was found to be 9.35kWh/t. This value means that 

approximately 9.35 kWh/t of energy is required to grind the ore from +425µm size fractions to 80% 

passing -355+250µm size fractions. The work index of Ndit ilmenite sample obtained compared 

favourably and lies within the work indexes of 4.23 - 11.88 kWh/t for Titanium mineral ores cited 

in Table 2.4.  

 

 

 

 



 
 

50 

4.6 Calcination Thermal Pre-Treatment 

Table 4.9 presents experimental result of the ilmenite sample after calcination thermal pre-

treatment. 

Table 4.9 Result of the ilmenite sample after calcination thermal pre-treatment 

S/N Temperature 

(
o
C) 

Time 

(minutes) 

XRD XRF 

Responses Corresponding 

Assay content 

%Rutile  

Phase 

%Ilmenite  

Phase 

 %Ti 

1 300 30 45.00 LOD 74.212 

2 300 45 40.40 12.80 74.861 

3 300 60 14.60 28.40 69.778 

4 650 30 31.30 42.00 67.808 

5 650 45 35.90 14.10 68.838 

6 650 60 58.00 18.00 65.475 

7 1000 30 14.00 27.80 69.569 

8 1000 45 10.00 56.00 53.554 

9 1000 60 13.20 36.20 63.981 

LOD: loss on detection 
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Figure 4.2 Variations of phases formed after calcination thermal pre-treatment 

Table 4.9 presents the XRD results of % Ilmenite phase transformed to %Rutile phase of the 

calcination experimental combinations results and the corresponding XRF assay contents of % total 

Ti. Figure 4.2 shows the bar chart behavioral pattern XRD results of the % Rutile phase 

transformation from % Ilmenite phase of the calcined Ndit ilmenite. From Figure 4.2, it can be 

observed that, most of the transformation of Ilmenite to Rutile phase occurred at low and 

intermediate temperatures of 300
o
C and 650

o
C at short, intermediate and long thermal exposure 

times. The highest % Rutile phase transformation that occurred from Ilmenite was found to be 

58%TiO2 at 650
o
C for 60 minutes thermal exposure time when compared to that of 300

o
C 

(46%TiO2) and 1000
o
C (14%TiO2) for 30 minutes thermal exposure times respectively. However, 

4.30% Ilmenorutile and 10.00% magnetite mineral phases where observed to have been formed 

alongside the major Rutile phase during the calcination process. This trend could be attributed to 

the critical optimum phase transformation temperature of decomposition and structural 

rearrangement of Ilmenite to Rutile that is more attainable at 650
o
C for 60 minutes thermal 

exposure time. Similar trend has also been reported in Hiraki et al., (2018) and Warui, (2015) 
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respectively that, ilmenite transformation to pseudobrookite (Fe2TiO5), maghemite (γ-Fe2O3.TiO2) 

and rutile (TiO2) can occurred at the temperature of 600
o
C. Also, it can be observed from Table 4.8 

that, the corresponding XRF assayed values of %Ti total assumed a downward decreased pattern 

with some few exceptions as the temperature of calcination is increased for all thermal exposure 

times.  The trend could be attributed to glowing (burning) transition temperature point that may 

have caused sublimation of some of the mineral phases of the Ndit Ilmenite. Thus, affecting the 

assay of Titanium content of the Ndit Ilmenite as the calcination temperature is increased.  

However, Thomas and Yaro, (2007) asserted that, there are instances in the literatures that explain 

how natural self-flux and flux-based ferrous associated minerals gradually transforms into minerals 

with strong magnetic properties during calcination at temperature range of 500
0
C and 850 -1200

0
C. 

This transformation and forming of new mineral phases are brought about by the interaction and 

rearrangement of elemental components within the matrix of the ore with respect to the kinetics of 

their mineral formation. Furthermore, they stated that, the transformation and formation of new 

minerals phases is more viable when energy providing elements (like: sulphur, phosphorus, carbon 

and silicon/silica) are present as one of the constituents that made up the ore matrix or mixture of 

the mineral concentrates. Hence, it can be observed that, one of the mentioned energy driven 

elements can be seen to be present in the matrix of Ndit Ilmenite as revealed in Table 4.2 and XRF 

analysis result of the Ilmenite in the appendix. Also, Hanaor et. at., (2011) has reported that, the 

reaction between the solid and furnace atmosphere hot gas as the case may be in calcination can 

bring about decomposition, transformation and formation of mineral phases. Table 4.8 and Figure 

4.2 also, present the behavioral pattern of the Ndit ilmenite at high temperature of 1000
o
C for low, 

intermediate and long thermal exposure times.  From the result in Table 4.8 and Figure 4.2 Ilmenite 

transformation to Rutile phase was viably insignificant when compared to that of low and 
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intermediate temperatures of 300
o
C and 600

o
C respectively. This trend could be attributed to the 

unstable transition Rutile-Anatase phases formed from Ilmenite at high temperature during 

calcination and probably also, due the exhaustion of the energy driven elements in the matrix of 

Ndit Ilmenite resource at high temperature. Similar trend has also been observed and reported in 

Hanaor et al., (2011). 

4.7 Roasting Thermal Pre-Treatment 

Table 4.10 presents experimental result of the ilmenite sample after roasting thermal pre-treatment. 

Table 4.10 Result of the ilmenite sample after roasting thermal pre-treatment 

S/N Temperature 

(
o
C) 

Time 

(minutes) 

            XRD  XRF 

           Responses Corresponding 

Assay content  

%Rutile 

Phase 

%Ilmenite 

Phase 

%Ti 

 

1 300 30 7.30 13.60           69.631 

2 300 45 46.00 16.00 69.744 

3 300 60 47.10 8.23 70.906 

4 650 30 5.00 4.90 72.135 

5 650 45 10.30 3.00 72.032 

6 650 60 11.90 50.40 73.511 

7 1000 30 17.00 33.70 70.729 

8 1000 45 30.00 20.80 65.909 

9 1000 60 11.00 29.00 59.573 
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Figure 4.3 Variations of phases formed after roasting thermal pre-treatment 

Table 4.10 and Figure 4.3 present the % Rutile phase proportion values of transformation from 

Ilmenite of the roasting thermal treatment. It can be observed that, transformation of Ilmenite to 

Rutile occurred due to increase in % Rutile phase proportion and relatively decrease in the % 

Ilmenite phase proportion in the matrix of the roasted Ndit Ilmenite. Table 4.10 and Figure 4.3, also 

revealed that  most of the transformation of Ilmenite to Rutile phase occurred at low and high 

temperatures of 300
o
C and 1000

o
C and mostly at intermediate and long thermal exposure times of 

45 and 60 minutes respectively. The highest % Rutile phase value of transformation of Ilmenite to 

Rutile phase was found to be 47.1%TiO2 at 300
o
C for 60 minutes when compared to that of 650

o
C 

(11.3%TiO2) and 1000
o
C (11.0%TiO2) for 60 minutes thermal exposure times respectively. 

However, 10.64% Ilmenorutile and 11.28% Magnetite mineral phases where also formed alongside 

the Rutile phase during the roasting process. The trend could be attributed to the critical optimum 

phase transformation temperature of decomposition and structural rearrangement of Ilmenite to 

Rutile that is most attainable at 300
o
C for 60 minutes thermal exposure time. Warui, (2015) 

reported that Ilmenite transformation to Pseudobrookite (Fe2TiO5), Maghemite (γ-Fe2O3.TiO2) and 
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Rutile (TiO2) do occurs during roasting. Also, the formation of Pseudobrookite (Fe2TiO5) and 

Maghemite (γ-Fe2O3.TiO2) mineral phases from Ilmenite during roasting tends to reduce the 

amount of Rutile (TiO2) phase that will be formed in the matrix of the ore. However, the trend 

could be responsible for why much of the Rutile phase can’t be formed from Ilmenite at 

intermediate temperature of 650
o
C for low, intermediate and long thermal exposure times. This 

trend has also been observed and reported in Hanaor et al., (2011). Also, Table 4.10 revealed 

increased in assay %Ti total content as the roasting temperature increases except for some few 

exceptional ones at high temperature and at intermediate and long thermal exposure times. Though 

increase in %Rutile phase transformed from Ilmenite seems to correlate with increase in assay %Ti 

total content as the thermal exposure time is increased at low temperature. However, reverse is the 

case at intermediate temperature where the %Rutile phase proportion decreased as the assay %Ti 

total content increases with increased in thermal exposure time. Thus, creating segmented patterns 

for the respective roasting temperatures. Hence, similar reasoning advanced above as asserted in 

Warui, (2015) could be responsible for the observed trend in roasting thermal treatment of the Ndit 

Ilmenite.  

Hence, comparing the results outcome of the effect of calcination and roasting thermal pre-

treatments on Ndit ilmenite, it could be said that both thermal pre-treatments have impacted on the 

transformation of Ilmenite to Rutile phase of the Ndit ilmenite. However, calcination gave an 

optimum value of 58% Rutile (TiO2) phase transformation from Ilmenite at intermediate 

temperature (650
o
C) for long thermal exposure time (60 minutes) with a corresponding optimum 

assay of 65.475%Ti total as revealed by the XRF result obtained when compared to that of roasting 

which gave 47.1% Rutile phase transformed with a corresponding assay of 70.806%Ti total content 

at 300
o
C for 60 minutes. Based on the smelter requirement as asserted in the AusIMM, (2012) a 
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minimum of 50%Rutile phase in Ilmenite mineral ore can be accepted for processing without 

penalty. Therefore, the 58%Rutile phase obtained in the calcination thermal pre-treatment met and 

surpasses the smelter requirement for Rutile phase in Ilmenite ores/concentrates cited in AusIMM, 

(2012).   

4.8 Beneficiation of Ndit Ilmenite Resource 

The beneficiation of the thermally pre-treated ilmenite sample was carried using double stage 

separation technique (magnetic-to-gravity method). 

4.8.1 Magnetic Concentration of the Calcined Ilmenite Sample using High Intensity Magnetic 

Separation Process 

250g of the thermally treated (calcined) ilmenite sample was used as feed for concentration test 

employing the high intensity magnetic separator. 
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Table 4.11 presents the chemical analysis (XRF) of magnetic concentration of the calcined sample. 

While Table 4.12 presents the metallurgical balance accounting for magnetic concentration of the 

calcined sample 

Table 4.11 XRF analysis of Ndit Ilmenite Resource after magnetic concentration of the 

calcined sample 

Compound Magnetic Separation 

      Non-magnetic Fractions  

            (Concentrate) 

 Magnetic Fractions 

        (Tailings) 

SiO2 8.505 2.024 

V2O5 1.157 0.771 

MnO 0.081 1.775 

Fe2O3 3.027 36.469 

Co3O4 0.054 0.151 

Nb2O4 0.339 0.128 

CuO 0.033 0.025 

WO3 0.278 0.257 

SO3 0.238 0.124 

CaO 0.845 0.100 

MgO 1.772 - 

K2O 0.139 0.095 

BaO 0.89 0.654 

Al2O3 4.014 4.132 

Ta2O5 0.151 0.236 

TiO2 78.196 52.096 

ZnO 0.069 0.093 

Cl 0.241 0.714 

ZrO2 0.042 - 

SnO2 - 0.157 
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Table 4.12 Metallurgical Balance Accounting for Magnetic Concentration of the Calcined 

Sample 

 

Products Weight 

(g) 

Weight 

(%) 

Assay (%Ti) Unit  Recovery (%) 

Feed 250.000 100 36.874 3687.400 100 

Concentrate 104.650 41.860 46.880 1962.396 53.21 

Tailing 130.260 52.104 31.830 1658.470 46.79 

Loss 15.090 6.036    

 

Table 4.11 revealed that the concentrate contained 78.196%TiO2 (46.88% Ti), 3.03%Fe2O3, 

4.014%Al2O3 and 8.50% SiO2 and the tailings contained 52.10%TiO2 (31.83%Ti), 36.47%Fe2O3, 

4.13%Al2O3 and 2.02% SiO2 respectively. The above results obtained indicated that an upgrade 

occurred in rutile of the calcined feed (58.00%TiO2 phase (XRD), assaying 36.874%Ti total) to 

produce a calcined concentrate (78.196%TiO2 (46.88%Ti)) with 53.21% recovery of Rutile.  The 

content of rutile in the concentrate portion (non-magnetic fraction) could be attributed to some 

extend the demagnetization and transformation of Ilmenite to Rutile that favoured more the 

migration of Rutile to the concentrate portion of magnetic separation process while the un-

demagnetized and untransformed Ilmenite to the magnetic fraction (tailing) of the magnetic 

separation process.  The values of the test result obtained surpass that obtained and reported by 

Terzi et al., (2015). 
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4.8.2 Gravity concentration of the calcined Ilmenite sample using air-floatation separation process 

104.650g of the concentrate of the magnetic separation process was used to serve as feed to the air-

floatation concentration process 

Table 4.13 presents the chemical analysis (XRF) of the calcined Ndit ilmenite resource after gravity 

concentration of the magnetic separation concentrate that served as feed. 

Table 4.13 XRF analysis of the Calcined Ndit Ilmenite sample after gravity concentration of 

the magnetic separation concentrate 

Compound Gravity Separation 

 Concentrate Tailing 

SiO2 2.263 14.747 

V2O5 1.001 1.111 

MnO 0.082 0.079 

Fe2O3 2.918 3.136 

CO3O4 0.071 0.036 

Nb2O4 0.440 0.238 

CuO 0.025 0.040 

WO3 0.266 0.290 

SO3 0.158 0.318 

CaO 0.433 1.256 

MgO 3.543 - 

K2O - 0.139 

BaO 1.329 0.451 

Al2O3 3.921 4.106 

Ta2O5 0.141 0.161 

TiO2 82.867 73.525 

ZnO 0.078 0.059 

Cl 0.246 0.235 

ZrO2 0.011 0.073 

SnO2 - - 
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Table 4.14 Metallurgical Balance of Gravity Concentration of the Calcined Magnetic 

Separation Concentrate 

 

Products Weight(g) Weight (%) Assays (%Ti) Unit Recovery (%) 

Feed 104.650 100 46.880 4688.000 100 

Concentrate 68.180 65.15 49.720 3239.258 69.09 

Tailing 30.470 29.11 44.120 1284.333 30.90 

Loss 6.000 5.74 

 

Table 4.13 presents the chemical analysis of the concentrate and the tailings produced after gravity 

concentration of the magnetic separation concentrate of the calcined Ndit Ilmenite sample, while 

Table 4.14 presents the metallurgical account balance sheet of the separation process. The chemical 

analysis result revealed that, the concentrate produced contained 82.87% TiO2 (49.72% Ti), 2.92% 

Fe2O3, 3.92% Al2O3, and 2.26% SiO2 while the tailing produced contained 73.525% TiO2 (44.12% 

Ti), 3.14% Fe2O3, 4.12% Al2O3, 14.75% SiO2 and a recovery 27.40% Rutile respectively. The high 

assay %Rutile content in the tailing produced could be attributed to the differences in sizes and 

shapes of the Rutile mineral grains which tends to favour the migration of some of the Rutile 

mineral grains of the sieve size fractions -355+250µm (been a range, about 105 various sizes and 

shapes are contained in it) to the tailing portion of the gravity air-floatation separation process. 

However, the Rutile in the tailing can be scavenged to recover more of the rutile mineral content.  

The result obtained shows that the Rutile content of the magnetic separation concentrate assaying 

78.196%TiO2 (46.88%Ti)) with Rutile recovery of 53.21% was upgraded to 82.87% TiO2 (49.72% 

Ti) with Rutile recovery of 69.09% in the second stage using gravity air-floatation process. The 

result obtained compared favourably and surpasses that obtained in similar work reported by Terzi 

et al., (2015). 
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4.8.3 Magnetic Concentration of the Roasted Ilmenite Sample using High Intensity Magnetic 

Separation Process 

250g of the thermally treated (roasted) ilmenite sample was used as feed for concentration test 

employing the high intensity magnetic separator. 

Table 4.15 presents the chemical analysis (XRF) of the Ndit Ilmenite sample after magnetic 

concentration of the roasted sample. Concentration was carried out at liberation size  

-355+250µm roasted sample that served as feed. 
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Table 4.15 XRF analysis of Ndit Ilmenite sample after magnetic concentration of the roasted 

sample 

Compound Magnetic Separation 

        Non-Magnetic Fractions 

              (Concentrate) 

Magnetic Fractions 

    (Tailings) 

SiO2 8.467 2.313 

V2O5 0.953 0.744 

MnO 0.109 1.866 

Fe2O3 3.886 36.914 

CO3O4 0.039 0.203 

Nb2O4 0.255 0.043 

CuO 0.064 0.021 

WO3 0.319 0.256 

SO3 0.269 0.026 

CaO 0.635 0.136 

MgO 1.771 - 

K2O 0.117 0.015 

BaO 0.607 0.525 

Al2O3 3.137 4.273 

Ta2O5 0.212 0.172 

TiO2 78.319 51.663 

ZnO 0.053 0.104 

Cl 0.229 0.676 

ZrO2 0.553 0.049 

SnO2 0.006 - 
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Table 4.16 Metallurgical Balance Accounting for Magnetic Concentration of the Roasted 

Sample 

 

Products Weight(g) Weight (%) Assay (%Ti) Unit Recovery (%) 

Feed 250 100 39.881 3988.100 100 

Concentrate 126.083 50.433 46.990 2369.846 59.43 

Tailing 114.475 45.790 30.990 1419.032 40.57 

Loss 9.44 3.777 

 

Tables 4.15 and 4.16 present the chemical analysis of the concentrate and the tailings produced after 

magnetic concentration of the roasted Ndit Ilmenite sample and the metallurgical accounting 

balance sheet. The chemical analysis revealed that, the concentrate contained 78.32% TiO2 (46.99% 

Ti), 3.89% Fe2O3, 3.14% Al2O3, and 8.47% SiO2 while the tailing contained 51.66% TiO2 (30.99% 

Ti), 36.91% Fe2O3, 4.27% Al2O3 and 2.31% SiO2 respectively. The trend indicate that most of the 

Rutile migrated to the concentrate portion (non-magnetic phase) of the magnetic separation process 

due to their demagnetization during roasting. Also, the presence of certain % of Rutile in the tailing 

phase of the magnetic separation process could be attributed to the Ilmenorutile (TiO.FeNb2O6: said 

to possess magnetic property) formed during roasting. However, the trend shows that there is an 

upgrade in the mineral of interest rutile from 70.906% TiO2 (39.881% Ti) to 78.32% TiO2 (46.99% 

Ti) with 59.434% recovery of Rutile. The result obtained agreed with similar works reported by 

Hiraki et al., (2018) and Terzi et al., (2015). 

4.8.4 Gravity Concentration of the Roasted Ilmenite Sample using Air-Floatation Separation 

Process 

126.083g of the concentrate of the magnetic separation process was used to serve as feed to the air-

floatation concentration process. 
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Table 4.17 presents the chemical analysis (XRF) of the Roasted Ndit Ilmenite sample after gravity 

concentration of the magnetic separation concentrate that served as feed.  

Table 4.17 XRF analysis of Ndit Ilmenite sample after gravity concentration of the roasted 

sample 

Compound Gravity Separation 

 Concentrate   Tailings 

SiO2 3.699 13.235 

V2O5 1.001 0.905 

MnO 0.053 0.165 

Fe2O3 2.101 5.670 

CO3O4 0.023 0.055 

Nb2O4 0.154 0.356 

CuO 0.033 0.064 

WO3 0.298 0.340 

SO3 0.182 0.356 

CaO 0.160 1.109 

MgO 2.499 1.042 

K2O 0.048 0.186 

BaO 0.572 0.641 

Al2O3 2.895 3.379 

Ta2O5 0.223 0.201 

TiO2 85.641 70.997 

ZnO 0.057 0.049 

Cl 0.206 0.252 

ZrO2 0.153 0.953 

SnO2 - 0.006 
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Table 4.18 Metallurgical Balance Accounting for Gravity Concentration of the Roasted 

Sample after magnetic concentration 

Products Weight(g) Weight (%) Assay (Ti %) Unit Recovery (%) 

Feed 126.083 100 46.990 4699.000 100 

Concentrate 75.099 59.563 51.380 3060.346 65.127 

Tailing 42.649 33.826 42.590 1440.649 34.87 

Loss  8.335 6.611 

 

Tables 4.17 and 4.18 present the chemical analyses of concentrate and tailing produced after gravity 

concentration (Second stage after magnetic concentration) of the roasted Ilmenite sample and the 

metallurgical accounting balance sheet of the concentration process. The chemical analysis revealed 

that the concentrate contained 85.64% TiO2 (51.38% Ti), 2.10% Fe2O3, 2.89% Al2O3, and 3.69% 

SiO2 while the tailing contained 70.99% TiO2 (42.59% Ti), 5.67% Fe2O3, 3.38% Al2O3 and 13.23% 

SiO2 respectively. From the result it can be observed that most of Rutile migrated to the concentrate 

phase of the gravity air floatation separation process with less hematite, alumina and silica contents 

when compared to of the tailing. The trend could be attributed to the differences in the various 

minerals relative density and also, their sizes and shapes factors. The observed trend agreed with 

Hanaor et. al., (2011) and Wills et al., (2006), where they asserted that the differences in density, 

size and shape of mineral particles enhances their separation using gravity concentration processes. 

Also, the result indicated that, there is an upgrade of Rutile from 78.391% TiO2 (46.99%Ti) of feed 

to 85.64% TiO2 (51.38% Ti) of the concentrate with 65.125% recovery of the Rutile using gravity 

air floatation concentration process.  
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4.6.2 Comparison of the Two-Stage (Double) Magnetic-to-Gravity (Air-Floatation) 

Concentration Method of the Calcined and Roasted Ndit Ilmenite Resource Sample 

Table 4.19 and Figure 4.4 presents the various % values obtained for the thermal treatments of 

calcination and roasting optimum conditions values obtained for the calcined and roasted 

concentrates using Two-Stage Magnetic-to- Gravity (air-floatation) method.  

Table 4.19 Comparison of Calcined and Roasted Two-Stage Magnetic-to-Gravity (Air-

Floatation) Concentrates Assays and Recoveries of Ndit Ilmenite 

Thermal 

Treatment 

Product Assay %Recovery 

  %TiO2 %Fe2O3 %Al2O3 %SiO2  

Calcination Concentrate 2 82.87 2.92 3.93 2.26 69.097 

Roasting Concentrate 2 85.64 2.10 2.89 3.69 65.127 

 

 

Figure 4.4: Bar chart of the Calcined and Roasted Two-Stage Magnetic-to-Gravity (Air-

Floatation) Concentrates Assays and Recoveries of Ndit Ilmenite  

Comparing the results obtained from the Two-Stage concentration process of the calcined and 

roasted Ndit Ilmenite respectively. It can be observed that the Two-Stage concentration process of 

the calcined Ilmenite produced a calcined concentrate assaying 82.87%TiO2 (49.720%Ti), 2.92% 

Fe2O3, 3.92% Al2O3, and 2.26% SiO2 with a Rutile recovery of 69.097%, while the roasted Ndit 
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Ilmenite using the same concentration process produced a roasted concentrate assaying 85.64%TiO2 

(51.380%Ti), 2.10% Fe2O3, 2.89% Al2O3, and 3.69% SiO2 with a Rutile recovery of 65.127%.  

Also, considering the % contents of Rutile, Iron and Alumina with the exception of Silica it is 

evidently clear that more of the mentioned minerals are contained in the concentrate of the calcined 

Ndit Ilmenite when compared to that of roasted concentrate. The trend could be attributed to the 

decomposition of Ilmenite and formation of more iron mineral phases with high induced magnetic 

fields created by the roasting treatment when compared to the calcination process. The above trend 

can be justified by the results of the mineral contents of the various concentrates obtained for the 

magnetic separation in stage 1 for the calcined and roasted Ndit Ilmenite (see: calcined magnetic 

concentrate 1: 78.196%TiO2, 3.03%Fe2O3, 4.01%Al2O3 and 8.50% SiO2; Roasted magnetic 

concentrate 1: 78.32% TiO2, 3.89% Fe2O3, 3.14% Al2O3, and 8.47% SiO2). Also, the oxidation of 

the Hematite present in the Ndit Ilmenite matrix during the roasting thermal treatment process could 

be another added advantage. The outcome of the above results favoured more the roasting treatment 

process than the calcination, thus impacting differences in the density or specific gravity of the 

various minerals of the roasted magnetic concentrate which enhances their separation using gravity 

air floatation concentration process than the calcined magnetic concentrate. Though, calcination and 

roasting thermal treatments impacted significantly on the decomposition and transformation of Ndit 

Ilmenite that leads to the production of various concentrates that met the requirements of 48% - 

51% TiO2 minimum Rutile ore and 50% TiO2 minimum for Ilmenite ore cited in AusIMM, (2012). 

However, based on the outcome of the results, roasting thermal treatment can be said to be the 

optimum process that can be used in the beneficiation process of Ndit Ilmenite.  
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4.9 The Philosophy of the Developed Flow Sheet of Ndit Ilmenite Resource 

The philosophy for the development of the flow-sheet of Ndit Ilmenite Resource consists of the 

following steps; characterization, comminution, thermal treatment and concentration of the Ndit 

Ilmenite Resource sample.  

Characterization: 

The Ndit ilmenite resource’s run-of-mine head sample containing (41.50%TiO2, 21.78%Fe2O3, 

15.85%Al2O3, 18.20%SiO2) with mineral phases of Ilmenite (FeTiO3), Rutile (TiO2) as major, 

Hematite, Alumina, Silica and other trace associated minerals as minor are present in the matrix of 

the ilmenite resource as revealed by XRD/SEM/EDS.  

Comminution: 

The comminution process of the ilmenite consists of crushing and grinding processes. The ilmenite 

run-of mine head sample is crushed using Jaw crusher and the liberation size of the ilmenite 

resource is achieved by grounding to -355+250 (74.81%TiO2 (44.85%Ti)) using Ball milling 

machine. 

Thermal Pre-Treatments: 

The product of the Ball milling process -355+250 (74.81%TiO2((44.85%Ti)) is thermally treated 

(either by calcination at 650
o
C for 60 minutes to obtain 58% Rutile phase with 65%TiO2 total or 

roasting at 300
o
C for 60 minutes to obtain 47.1% Rutile phase with 70.806%TiO2 total 

respectively). The product of the thermally treated Ndit Ilmenite is then sent to the concentration 

unit.  
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Concentration Process:  

 Two-Stage (Double) Magnetic (high-intensity)-to-Gravity (air-floatation) separation process is 

used to produce a concentrated assaying 82.87%TiO2 (49.720%Ti), 2.92% Fe2O3, 3.92% Al2O3, and 

2.26% SiO2 with a Rutile recovery of 69.097% for calcination thermal pre-treatment. While a 

concentrate assaying 85.64%TiO2 (51.380%Ti), 2.10% Fe2O3, 2.89% Al2O3, and 3.69% SiO2 with a 

Rutile recovery of 65.127% was obtained for roasting thermal pre-treatment respectively.  

However, the tailings of the processes can be scavenged for Rutile in order to recover more of the 

Rutile that is loss to the tailings before sending the tailings to the tailing dump.  

Therefore, the Ndit Ilmenite resource various concentrates produced met the requirements of 48% - 

51% TiO2 minimum Rutile ore’s concentrate and 50% TiO2 minimum for Ilmenite ore’s concentrate 

cited in AusIMM, (2012). 

Figure 4.5 illustrates the proposed developed Ndit Ilmenite flow-sheet which can be used for the 

beneficiation of the Ndit Ilmenite resource. 
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Figure 4.5 Flow-sheet of Ndit Ilmenite Beneficiation Process 

 

 

 

 

 

Run-of-mine (41.50%TiO2, 21.78%Fe2O3, 15.85%Al2O3, 18.20%SiO2) 
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Recovery: 65.125% 

       Conc. 2: 82.86%TiO2 (49.72%Ti); Recovery: 69.097% 

  Conc. 1: (78.319%TiO2 (46.99%Ti); Recovery: 59.43% Conc.1: (78.196%TiO2 (46.88%Ti); Recovery: 53.21% 

Magnetic Separation 
process 
 (Magnetic high 
intensity machine) 

Gravity Separation 
process 
(Air-floatation machine)  

Cone Crusher 

Bail Milling Machine 

Screening Machine 

      Thermal Heating Furnace 

 +355 (74.45%TiO2 ((44.63%Ti)       

 Oversize 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The effect of thermal pre-treatment on the beneficiation of Ndit Ilmenite resource has been carried 

out in this work and the following conclusions were drawn based on the results obtained: 

i. The chemical analysis of the head sample revealed that the ore contain 41.50% TiO2, 

21.78% Fe2O3, 15.85% Al2O3, and 18.20% SiO2 as the major minerals, 1.18% Nb2O5 as the 

minor mineral, 0.20% TaO5, 0.65% MnO and 0.64% others as trace minerals. 

ii. The mineralogical analysis revealed that the Ilmenite resource comprised of mineral phases 

of Ilmenite (FeTiO3), Rutile (TiO2) as major titanium bearing minerals while Hematite, 

Alumina, Silica and others as minor and trace mineral phases present in the matrix of the 

Ndit Ilmenite resource. The minerals particle sizes are smaller in nature and are separated by 

grain boundaries, photo-images revealed non-interlocking of mineral grains with varying 

sizes. This shows that the minerals can be fragmented, separated and liberated from its 

gangue when comminuted. Rutile is seen as the white phases while the grey phases are 

Ilmenite and dark phases are Hematite. 

iii. The liberation size of the Ndit Ilmenite resource was found to be -355+250µm, this means 

that the mineral of interest can be separated optimally from other associated minerals at this 

particle size. The work index of the Ilmenite resource was found to be 9.35kWh/t. This 

value means that, approximately 9.35 kW of energy is required to grind the ore from 

+425µm sieve size to 80% passing -355+250 µm. The result obtained lies favourably within 

the work indexes of 4.23 - 11.88 KWh/t for Titanium mineral ores cited in the literatures. 
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iv. The optimum thermal Pre-treatment conditions obtained are:- Calcination: Temperature 

650
o
C, Time 60 minutes with 58.0% Rutile phase from Ilmenite transformation with a 

corresponding assay of 65%Ti  total. Roasting: Temperature 300
o
C, Time 60 minutes with 

47.1% Rutile phase from Ilmenite transformation with a corresponding assay of 70.806%Ti 

total. 

v. The Two-Stage (Double) magnetic-to-gravity method produced a concentrate assaying 

82.87%TiO2 (49.720%Ti), 2.92% Fe2O3, 3.92% Al2O3 and 2.26% SiO2 with a Rutile 

recovery of 69.097% for calcination thermal treatment. While a concentrate assaying 

85.64%TiO2 (51.380%Ti), 2.10% Fe2O3, 2.89% Al2O3, and 3.69% SiO2 with a Rutile 

recovery of 65.127% was obtained for roasting thermal treatment respectively.  However, 

the tailings of the processes can be scavenged for Rutile in order to recover more of the 

Rutile that is loss to the tailings before sending the tailings to the tailing dump.  

Therefore, the Ndit Ilmenite resource various concentrates produced met the requirements of 

48% - 51% TiO2 minimum Rutile ore’s concentrate and 50% TiO2 minimum for Ilmenite 

ore’s concentrate cited in AusIMM, (2012).  

Therefore, the Ndit Ilmenite resource can be said to be another potential source of Rutile 

mineral that can be explored, beneficiated and use in the nation’s metallurgical industries. 

5.2 Recommendations 

Based on the research carried out, the following recommendations were made: 

i. Further research should be carried out to establish the estimated reserve of the Ndit Ilmenite 

resource 
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ii. Other beneficiation techniques like hydrometallurgical leaching process should be carried 

out to ascertain its susceptibility to alternative methods 

5.3 Contribution to Knowledge 

Presently, no work has been done on the effect of thermal pre-treatment on the beneficiation of Ndit 

ilmenite resource. This research work contributes to knowledge in the following: 

i. Provide information on the chemical, mineralogical and petrological characteristics of the 

Ndit ilmenite resource that are found to be 41.50% TiO2, 21.78% Fe2O3, 15.85% Al2O3, and 

18.20% SiO2 as the major minerals, 1.18% Nb2O5 as the minor mineral, 0.20% TaO5, 0.65% 

MnO and 0.64% others as trace minerals. 

ii. The liberation size (-355+250µm), work index (9.35kWh/t) and suitable concentration 

techniques for the beneficiation of Ndit Ilmenite resource are established. 

iii. Optimum thermal treatments temperatures values of 300
o
C for roasting and 650

o
C for 

calcination at 60 minutes respectively for the transformation of Ilmenite to Rutile phase for 

Ndit Ilmenite resource have been established.  

iv. That Two-Stage (Double) magnetic (high intensity) -to- gravity (air-floatation) method 

produced a concentrate assaying 82.87%TiO2 (49.720%Ti), 2.92% Fe2O3, 3.92% Al2O3 and 

2.26% SiO2; Rutile recovery of 69.097% for calcination and another concentrate assaying 

85.64%TiO2 (51.380%Ti), 2.10% Fe2O3, 2.89% Al2O3, and 3.69% SiO2; Rutile recovery of 

65.127% for roasting thermal treatment respectively. 
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APPENDICES 

APPENDIX A 

List of Photographs 

      

X-ray Diffraction Machine            X-ray Fluorescence Machine 

 

 

    
High Intensity Magnetic Separator (Rapid)       Murple Furnace 

 

 

 Sieve Shaking Machine 
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APPENDIX B 

Plates of Samples 

 

                 

Crude Rutile Sample                Tailings of Calcined Sample (MGS) 

 

    

Tailings of Roasted Sample (MGS)  Tailings of Calcined Sample (GVS) 
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Concentrate of Calcined Sample (GVS)         Tailings of Roasted Sample (GVS) 

 

 

Concentrate of Roasted Sample (GVS) 

  



 
 

81 

APPENDIX C 

List of phases transformed after thermal pre-treatment 

 

 

Appendix C-i Calcination Thermal Pre-Treatment 

 

   Rutile Phase(s) Ilmenite 

Phase 

Other Phases 

S/N Temp(oC) Time(min) %Rutile 

Phase 

%Ilmenorutile 

Phase 

%Rutile 

Tantalium 

Phase 

% Ilmenite 

Phase 

%Geothite 

Phase 

% 

Quartz 

Phase 

% 

Garnet 

Phase 

% Magnetite 

Phase 

C1 300 30 45.00 16.20 - - 14.00 7.00 14.00 - 

C2 300 45 40.40 - - 12.80 - 7.40 - 18.80 

C3 300 60 14.60 31.30 - 28.40 - 14.20 - 11.47 

C4 650 30 28.00 - 3.30 42.00 - 27.00 - - 

C5 650 45 35.90 15.50 - 14.10 - 19.00 - 15.7 

C6 650 60 58.00 4.30 - 18.00 - 9.00 - 10.80 

C7 1000 30 14.00 38.00 - 27.80 - 14.90 - 5.00 

C8 1000 45 10.00 23.00 - 56.00 - 12.00 - - 

C9 1000 60 13.20 21.70 - 36.20 - 28.60 - - 
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Appendix C-ii Roasting Thermal Pre-Treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Rutile Phase(s) Ilmenite 

Phase 

Other Phase 

S/N Temp(
o
C) Time(min) %Rutile 

Phase 

% Anatase 

Phase 

%Ilmenorutile 

Phase 

% Ilmenite 

Phase 

% Magnetite  

Phase 

%Quartz 

Phase 

C1 300 30 - 7.30 47.00 13.60 2.20 30.0 

C2 300 45 34.00 12.00 4.00 16.00 - 34.0 

C3 300 60 47.10 - 10.64 8.23 11.28 22.80 

C4 650 30 5.00 - 67.00 4.90 5.50 18.00 

C5 650 45 10.30 - 21.50 3.00 21.80 43.00 

C6 650 60 11.90 - 23.00 50.40 - 14.70 

C7 1000 30 17.00 - 20.00 33.70 20.40 9.10 

C8 1000 45 30.00 - 22.20 20.80 23.10 3.00 

C9 1000 60 11.00 - 40.00 29.00 - 20.00 
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APPENDIX D 

 

Calcination XRD Results for 300
0
C, 30 minutes 
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Calcination XRD Results for 300
0
C, 45 minutes 
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Calcination XRD Results for 300
0
C, 60 minutes 
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Calcination XRD Results for 650
0
C, 30 minutes 
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Calcination XRD Results for 650
0
C, 45 minutes 
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Calcination XRD Results for 650
0
C, 60 minutes 
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Calcination XRD Results for 1000
0
C, 30 minutes 
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Calcination XRD Results for 1000
0
C, 45 minutes 
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Calcination XRD Results for 1000
0
C, 60 minutes 
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APPENDIX E 

Roasting XRD Results for 300
0
C, 30 minutes 
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Roasting XRD Results for 300
0
C, 45 minutes 
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Roasting XRD Results for 300
0
C, 60 minutes 
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Roasting XRD Results for 650
0
C, 30 minutes 
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Roasting XRD Results for 650
0
C, 45 minutes 
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Roasting XRD Results for 650
0
C, 60 minutes 
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Roasting XRD Results for 1000
0
C, 30 minutes 
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Roasting XRD Results for 1000
0
C, 45 minutes 
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Roasting XRD Results for 1000
0
C, 60 minutes 
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APPENDIX F 

Calcination XRF Results for 300
0
C, 30 minutes 
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Calcination XRF Results for 300
0
C, 45 minutes 
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Calcination XRF Results for 300
0
C, 60 minutes 
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Calcination XRF Results for 650
0
C, 30 minutes 
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Calcination XRF Results for 650
0
C, 45 minutes 
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Calcination XRF Results for 650
0
C, 60 minutes 
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Calcination XRF Results for 1000
0
C, 30 minutes 
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Calcination XRF Results for 1000
0
C, 45 minutes 
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Calcination XRF Results for 1000
0
C, 60 minutes 
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APPENDIX G 

Roasting XRF Results for 300
0
C, 30 minutes 

 

 
 

 
  



 
 

111 

Roasting XRF Results for 300
0
C, 45 minutes 
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Roasting XRF Results for 300
0
C, 60 minutes 
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Roasting XRF Results for 650
0
C, 30 minutes 
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Roasting XRF Results for 650
0
C, 45 minutes 
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Roasting XRF Results for 650
0
C, 60 minutes 
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Roasting XRF Results for 1000
0
C, 30 minutes 
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Roasting XRF Results for 1000
0
C, 45 minutes 
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Roasting XRF Results for 1000
0
C, 60 minutes 
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APPENDIX H 

XRF Results of Beneficiated Samples 

 

XRF result of Calcined Sample MGS Tailings 
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XRF result of Roasted Sample MGS Tailings 
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XRF result of Roasted Sample GVS Tailings 
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XRF result of Roasted Sample GVS Concentrate 
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XRF result of Calcined Sample GVS Concentrate 
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XRF result of Calcined Sample GVS Tailings 

 
 

 


