
 

 

SYNTHESIS OF TITANIUM TETRACHLORIDE 

THROUGH CARBOTHERMAL REDUCTION 

AND CHLORINATION OF ILMENITE 

CONCENTRATE 

 

 

 

 

 

ELTEFAT AHMADI 

 

 

 

 

 

UNIVERSITI SAINS MALAYSIA 

2018 



SYNTHESIS OF TITANIUM TETRACHLORIDE THROUGH 

CARBOTHERMAL REDUCTION AND CHLORINATION OF 

ILMENITE CONCENTRATE 

 
 
 
 

 
 
 

By 
 
 
 
 
 
 
 
 

ELTEFAT AHMADI 
 
 
 
 
 
 

 

This thesis submitted in fulfillment of the 

requirments for the degree of 

Doctor of Philosophy 

 
 
 
 
 
 
 

AUGUST 2018 



DEDICATION 

To my lovely wife Dr. Mahdieh Malekzadeh 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

ACKNOWLEDGEMENT 

In the name of God; the compassion, the merciful. I would like to express my 

deepest sincere thanks to my main supervisor, Dr. Sheikh Abdul Rezan Bin Sheikh 

Abdul Hamid, who has supported me with his guidance, patience and encouragement 

throughout this thesis. Also, to my co-supervisors Assoc. Prof. Dr. Hashim B. 

Hussin, Assoc. Prof. Dr. Kamar Shah B. Ariffin and Dr. Norlia Bt. Baharun. The 

successful completion of this thesis was due to their guidance, constant 

encouragement, and stimulating discussions throughout the course of this research. I 

also wish to express my special thanks to my supervisor Prof. Ryosuke O. Suzuki 

during my internship at Division of Materials Science and Engineering, Faculty of 

Engineering, Hokkaido University for his kindness and support. I would also like to 

acknowledge Dr. Sivakumar A/L Ramakrishnan for sharing his knowledge and 

guidance on modelling of the processes, kindness, encouragements and support for 

our research group. 

This project was made possible by the financial support from Universiti Sains 

Malaysia (USM). I also gratefully acknowledge the financial support received from 

Institute of Postgraduate Studies, USM Fellowship, APEX (1002/JHEA/ATSG4001), 

Ministry of Higher Education (MOHE) of Malaysia through the USM Research 

University Individual (RUI) grant (No. 1001/PBAHAN/814273). 

Further thanks to Dean of School of Materials and Mineral Resources 

Engineering (SMMRE), Prof. Dr. Zuhailawati Bt. Hussain for her help and support 

during my studies. Many thanks to Prof. Dr. Ahmad Fauzi Bin Mohd Noor; I could 

not complete this research without his kind help and support. I would like to extend 

my appreciation to USM technicians especially Mr. Shahrul, Mr. Kemuridan, Mr. 

Azrul, Mr. Shafiq, Mr. Helmi and Puan Haslina for their invaluable help and support 



iii 

for experimental works. Furthermore, the administrative staff of SMMRE, especially 

Pn. Nur Shalydah Bt. Salleh and Pn. Nor Asmah Bt. Md Nor were very kind and 

generous, and helped me more than just paperwork. I am also indebted to many 

people who helped and supported me in completing this research. 

Last but not least, the great sacrifices and patience of all my family members, 

especially my wife who motivated and supported me to complete this PhD thesis, are 

very much appreciated. Thank you. 

 

Eltefat Ahmadi 

August 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

TABLE OF CONTENTS 

          Page 

ACKNOWLEDGEMENT ......................................................................................... ii 

TABLE OF CONTENTS .......................................................................................... iv 

LIST OF TABLES .................................................................................................. viii 

LIST OF FIGURES ................................................................................................... x 

LIST OF SYMBOLS ............................................................................................... xx 

LIST OF ABBREVIATIONS ............................................................................... xxii 

ABSTRAK ............................................................................................................. xxiv 

ABSTRACT ........................................................................................................... xxvi 

CHAPTER ONE – INTRODUCTION        1 

1.1 Research background .......................................................................................... 1 

1.2 Problem statement .............................................................................................. 6 

1.3 Research objectives ............................................................................................ 8 

1.4 Organization of the thesis ................................................................................. 10 

CHAPTER TWO – LITERATURE SURVEY      11 

2.1 Introduction ...................................................................................................... 11 

2.2 Titanium minerals, supply and demand ............................................................ 12 

2.3 Commercial processes for upgrading titanium minerals .................................. 16 

2.3.1 The slag process for upgading ilmenite ................................................... 18 

2.3.2 The UGS process for slags ...................................................................... 19 

2.3.3 The Becher process for production of synthetic rutile ............................ 20 

2.3.4 Other processes for production of synthetic rutile ................................... 23 

2.4 Titanium metal production technology ............................................................. 25 

2.4.1 Commercial processes ............................................................................. 25 

2.4.2 Recently developed methods ................................................................... 27 

2.5 Chlorination process for production of titanium tetrachloride ......................... 29 

2.5.1 Selective chlorination of ilmenite ............................................................ 29 

2.5.2 Chlorination of titania (TiO2) .................................................................. 35 



v 

2.5.3 Chlorination of titanium oxycarbonitride, TiO-TiC-TiN ........................ 41 

2.6 Synthesis of titanium oxycarbonitride from ilmenite ....................................... 46 

2.6.1  Effect of temperature  ............................................................................. 48 

2.6.2 Effect of gas atmosphere ......................................................................... 51 

2.6.3 Effect of porosity ..................................................................................... 57 

2.6.4 Effect of gas flow rate .............................................................................. 57 

2.6.5 Effect of C:O molar ratio ......................................................................... 58 

2.6.6 Effect of grade of ilmenite in carbothermal reduction ............................. 59 

2.7 Statistical design and analysis in carbothermal reduction of ilmenite .............. 61 

2.8 Recycling waste PET plastics in carbothermal reduction................................. 62 

2.9 Thermodynamics of formation of Ti (O,C,N) from ilmenite ........................... 63 

2.10 Reaction path in formation of TiN and TiOxCyNz from ilmenite ..................... 66 

2.11 Microstructural studies of reduced and nitrided ilmenite ................................. 70 

2.12 Titanium metal production from TiOxCy and TiOxCyNz .................................. 78 

2.13 Summary ........................................................................................................... 83 

CHAPTER THREE – MATERIALS AND METHODOLOGY    85 

3.1 Materials ........................................................................................................... 86 

3.2 Experimental procedure and setup ................................................................... 88 

3.2.1 Carbothermal reduction and nitridation of ilmenite ................................ 88 

3.2.2 Iron removal from nitrided ilmenite ........................................................ 90 

3.2.3 Chlorination of TiN and TiOxCyNz .......................................................... 92 

3.3 Design of experiments (DOE) .......................................................................... 98 

3.4 Sample characterization methods ................................................................... 100 

3.4.1 Elemental analysis of carbon, oxygen and nitrogen .............................. 100 

3.4.2 Off-gas analysis ..................................................................................... 101 

3.4.3  X-ray diffraction (XRD) analysis .......................................................... 101 

3.4.4 Fourier-transform infrared spectroscopy (FTIR) ................................... 103 

3.4.5 Specific surface area measurements ...................................................... 103 

3.4.6 Morphological and microstructural investigations ................................ 104 

3.4.7 Chemical analysis .................................................................................. 105 

3.5 Calculation of extent of reaction .................................................................... 106 

3.5.1 Extent of reduction ................................................................................ 106 

3.5.2 Extent of chlorination ............................................................................ 107 



vi 

CHAPTER FOUR – RESULTS AND DISCUSSION              108 

4.1 Introduction .................................................................................................... 108 

4.2 Characterization of the ilmenite concentrate .................................................. 110 

4.2.1 X-ray fluorescence (XRF) and ICP-OES analyses ................................ 110 

4.2.2  X-ray diffraction (XRD) analysis ......................................................... 111 

4.2.3 FESEM/EDX analysis of the raw ilmenite ............................................ 112 

4.3 Characteristics of PET .................................................................................... 113 

4.4 Effect of carbon to oxygen molar ratio in carbothermal reduction  ............... 115 

 of ilmenite with coal in N2 and H2-N2 gas mixtures 

4.5 Reduction with coal and waste PET plastic in the H2-N2 gas mixture ........... 120 

4.5.1 Effect of PET ......................................................................................... 120 

4.5.2 Effect of temperature ............................................................................. 128 

4.5.3 Effect of time ......................................................................................... 130 

4.5.4 Effect of Particle Size ............................................................................ 138 

4.6 Thermodynamics of formation of TiOxCyNz through CTRN  ........................ 139 

          of the ilmenite concentrate 

4.7 Factors and interaction of operating factors effects on carbothermal ............ 149 

         reduction of ilmenite in the H2-N2 gas atmosphere 

4.8 Microstructural evaluation of reduced/nitrided ilmenite ................................ 166 

4.9 Iron removal from reduced and nitrided ilmenite by Becher process ............ 176 

4.10 Thermodynamics of chlorination TiO-TiC-TiN ............................................. 184 

4.11 Chlorine gas generation .................................................................................. 189 

4.12 Effects of temperature, time and particle size on chlorination of TiN  .......... 191 

         and low-Fe-TiOxCyNz 

4.13 Characterization of the chlorinated low-Fe TiOxCyNz ................................... 193 

4.14 Kinetic modelling and mechanism of chlorination of TiN and low-Fe  ......... 204 

         TiOxCyNz for production of TiCl4 

4.15 Characterization of chlorinated samples from TiN ........................................ 221 

4.16 Behavior of impurities in low-temperature chlorination of ............................ 226 

          nitrided ilmenite 

4.17 Summary ......................................................................................................... 231 

CHAPTER FIVE – CONCLUSIONS AND FUTURE WORK             235 

5.1 Conclusions .................................................................................................... 235 



vii 

5.2 Recommendations for future work ................................................................. 236 

REFERENCES ....................................................................................................... 238 

APPENDICES 

Appendix A: Feasible reactions .....................................................................................  

Appendix B: Preparation method of 0.05 N iodine solution ..........................................  

Appendix C: Factorial design calculation ......................................................................  

Appendix D: The inorganic crystal structure database (ICSD) of Fe and TiN  

Appendix E: BET surface area and BJH adsorption ......................................................  

Appendix F: Thermodynamic calculations for equilibrium partial pressure .................  

Appendix G: Formation of titanium sulfide prepared from Malaysian ilmenite ...........  

Appendix H: An example of predominance area diagram .............................................  

Appendix I: ICP-MS results for iodine solution ............................................................  

LIST OF PUBLICATIONS .........................................................................................  

 

   



viii 

LIST OF TABLES 

Table Caption Page

Table 2.1: Major titanium minerals with their general properties (Grey 

and Reid, 1975; Mücke and Bhadra Chaudhuri, 1991; Mackey, 

1994)  

14

Table 2.2: World titanium sponge metal production and sponge and 

pigment capacity from 2013 to 2016 (USGS, 2015; USGS, 

2017) 

14

Table 2.3: World mine production and reserves of titanium mineral 

concentrate from 2013 to 2016 (USGS, 2014; USGS, 2015; 

USGS, 2017) 

15

Table 2.4: The chemical compositions of Ti slags upgraded by UGS 

process (Borowiec et al., 1998) 

20

Table 2.5: Phase composition of ilmenites and synthetic rutile reduced 

and/or nitrided in argon and nitrogen at 1450 °C for 3 hours 

(Adipuri et al., 2011) 

 44

Table 2.6: The effect of gas atmosphere on the products formed from 

ilmenite, rutile and titania-ferrous ore by carbothermal 

reduction and nitridation of different raw materials (Dewan et 

al., 2010a) 

55

Table 2.7: Electrochemical methods used for the production of Ti metal 

from TiOxCy and TiOxCyNz in laboratory scale 

81

Table 3.1: Raw material, chemicals and gases used in CTRN, aeration 

leaching and low-temperature chlorination processes 

87

Table 3.2: The proximate and ultimate analyses of coal from Sarawak 

(JMG, 2014) 

88

Table 3.3: Factors and levels in the DOE tests for synthesis of TiOxCyNz 99

Table 4.1: Chemical composition of the ilmenite concentrate (wt%). 111

Table 4.2: Elemental LECO analysis and phase composition of reduced 

samples of ilmenite in an H2–N2 gas mixture at 1250 °C for 3 h 

with various ratios of PET to MB coal reductant (C/Ored = 4.0) 

123



ix 

Table 4.3: Phase identification and elemental LECO analysis of the 

samples reduced at different temperatures and times with the 

reductants containing 25-100 wt% PET from ilmenite 

concentrate with the particle size of less than 75 μm. 

137

Table 4.4: Phase identification and elemental LECO analysis of the 

samples reduced at 1150 °C and 1250 °C for 60, 180 minutes 

using ilmenite with the particle size of +225 μm with the 

reductants containing 75 wt% PET. 

138

Table 4.5: The design matrix and results of full factorial design as well as 

factors levels for reduction and nitridation of ilmenite 

concentrate. 

150

Table 4.6: Analysis of variance (ANOVA) for the regression model of (a) 

extent of reduction (X) and (b) extent of nitridation (XN) 

obtained from simultaneous reduction and nitridation of 

Malaysian ilmenite with a mixture of coal and waste PET 

plastic 

153

Table 4.7: Statistical parameters for the responses 154

Table 4.8: XRF analysis of Fe concentrate produced from the nitrided 

ilmenite of Malaysia by Becher process using NH4Cl and AQ-2 

catalysts at 70 °C for 3 hours. 

179

Table 4.9: Standard Gibbs free energy changes for the chlorination 

reactions and impurities of the ilmenite of Malaysia (Roine, 

2002b) 

195

Table 4.10: Chemical composition of the ilmenite concentrate, nitrided 

ilmenite and chlorination residue estimated by ICP-OES 

analysis. 

203

Table 4.11: Rate constant values corresponding to different chlorination 

models 

215

Table 4.12: The ICP results for the samples chlorinated at 400 °C for 

various times. 

224

Table 4.13: Comparison between commercial TiCl4 and crude TiCl4 

synthesized by low-temperature chlorination of low-Fe 

TiOxCyNz in this research. 

229



x 

LIST OF FIGURES 

Figure Caption Page 

Figure 2.1: Phases in the system of FeO-Fe2O3-TiO2 with major solid 

solutions (Storrick, 1993) 

12 

Figure 2.2: A summary of the main processes used for the preparation of 

the high-grade TiO2 feeds and production of titania pigment 

and titanium metal, the solid lines are for commercial 

processes and the broken lines are for the newly-proposed 

processes (Zhang et al., 2011; Kang and Okabe, 2016a) 

17

Figure 2.3: A schematic flowsheet of the Becher process (Hoecker, 

1997) 

21

Figure 2.4: The flowchart for the Kroll process (Fray, 2006) 27

Figure 2.5: Extent of selective chlorination of iron from ilmenite at 

different experimental conditions (Van Deventer, 1988) 

30

Figure 2.6: The chemical composition of the ilmenite grains at 915 °C 

for different carbochlorination times of (a) 5, (b) 15 and (c) 

25 minutes (Van Deventer, 1988) 

32

Figure 2.7: The flow chart of the selective chlorination process for 

upgrading titania slag and titanium ore using TiCl4 (Kang 

and Okabe, 2016a) 

34

Figure 2.8: Potential diagram for selective chlorination by using TiCl4 in 

the presence of carbon (A), in an oxidative atmosphere (C) 

and chlorine gas recovery from chlorides wastes (C) plotted 

using the overlapped chemical potential diagrams of the Fe-

O-Cl and Ti-O-Cl systems at 827 °C (Kang and Okabe, 

2016a) 

35

Figure 2.9: Relative mass changes versus chlorination time at 950 °C for 

(a) TiO2 and (b) TiO2-30 wt% C mixture (Gamboa et al., 

1999) 

37

Figure 2.10: The activation energy of carbochlorination of titania (TiO2) 

at different carbon percentages for (a) the first stage and (b) 

38



xi 

the second stage of the reaction (Gamboa et al., 1999) 

Figure 2.11: Extents of chlorination of (a) titanium and (b) iron from the 

reduced and nitrided samples prepared from different grades 

of ilmenite concentrates and synthetic rutile. The samples 

were chlorinated at 235 °C with pure chlorine gas with the 

flow rate of 100 mL/min (Adipuri et al., 2011) 

44

Figure 2.12: Extents of chlorination of titanium from oxycarbide and 

oxycarbonitride samples after iron removal by leaching 

process. The samples were chlorinated at 235 °C with pure 

chlorine gas with the flow rate of 100 mL/min (Adipuri et al., 

2011) 

45

Figure 2.13: Plots of oxygen removal rate vs time in temperature 

programmed reduction of the samples from 350 -1600 °C 

(623 to 1873 K) in the H2-N2 gas mixture: (a) synthetic rutile 

and (b) ilmenite (Rezan et al., 2012c) 

49

Figure 2.14: The extends of reduction and nitridation of ilmenite and 

synthetic rutile samples versus temperature in H2-N2 gas 

mixture at C:O molar ratio of 1.43 and 1.45 (Rezan et al., 

2012c) 

 50 

Figure 2.15: Effect of temperature on the extent of reduction of ilmenite in 

(a) Hydrogen, (b) Argon and (c) Helium atmospheres 

(Dewan et al., 2010a) 

52

Figure 2.16: The Ellingham diagram plotted with thermodynamic data 

extracted from Outokumpu HSC Chemistry (Roine, 2002a) 

65

Figure 2.17: The superimposed predominance area diagrams for Ti–Fe–

N–C–O system at (a) 800 °C, (b) 900 °C and (c) 1000 °C (Ru 

et al., 2014) 

67

Figure 2.18: The wetting images of pig iron droplets in contact with (a) 

the original reference sample, reduced samples at (b) 

1100 °C; (c) 1200 °C; (d) 1300 °C; (e) 1400 °C, at 1280 °C 

and (f) the change in contact angle versus the degree of 

reduction (Wang et al., 2010). 

71

Figure 2.19: SEM images of reduced ilmenite samples (a) reduced with 73



xii 

carbon at 1240 °C (Gupta et al., 1989) and (b) reduced with 

CO gas at 1100 °C (Zhao et al., 1990). 

Figure 2.20: SEM micrographs of (a) raw ilmenite and the samples 

reduced at 873 °C for (b) 4 minutes; and the completely 

reduced sample with magnifications of (c) 2000X, (d) 

10000X and (e) 200X (Dang et al., 2015) 

75

Figure 2.21: SEM/BSE images of the reduced samples in the progress of 

carbothermal reduction of ilmenite in H2 and He 

atmospheres, (a, e) 30 minutes, (b, f) 60 minutes, (c, g) 180 

minutes and (d, h) 300 minutes (Dewan et al., 2010b). 

76

Figure 2.22: A flow diagram for the production of Ti metal from FeTiO3 

via TiOxCyNz (Adipuri et al., 2011; Duz et al., 2013; Wang et 

al. 2014) 

82

Figure 3.1: Flowchart of the present research. 86

Figure 3.2: Schematic of experimental setup for carbothermal reduction 

and nitridation process. 1- Pressure gauge, 2- Flowmeters, 3- 

Alumina tube, 4- Horizontal tube furnace, 5- Furnace control 

unit and 6- Sample in an alumina boat. 

90

Figure 3.3: The aeration leaching setup for iron removal process using 

0.37 NH4Cl with addition of 0.1 wt% AQ-2 at 70 °C for 3 

hours, (a) the aeration leaching setup and (b) separation of 

the TiOxCyNz from Fe2O3.H2O by filtration 

91

Figure 3.4: Temperature profiles across the chlorination reactor tube. 93

Figure 3.5: Schematic of experimental setup for chlorination process of 

TiN and TiOxCyNz, 1- Flowmeter, 2- Chlorine resistant 

Tygon tube, 3- Hot plate/stirrer, 4- Potassium permanganate 

(KMnO4), 5- Separation funnel containing hydrochloric acid 

(HCl, 37%), 6- Regulating valve, 7- Distilled water, 8- 

Sulfuric acid (H2SO4, 98%), 9- Phosphorus pentoxide P2O5, 

10- Thermocouple-Thermometer, 11, Borosilicate glass tube, 

12- Sample on an alumina boat, 13- Horizontal tube furnace, 

14- Furnace control unit, 15- TiCl4 scrubbers, hydrochloric 

acid (HCl, 37%), and 16- Chlorine gas scrubber, Sodium 

94



xiii 

hydroxide (NaOH, 1M). 

Figure 3.6: Partial phase diagram of FeCl3-NaCl system showing double 

eutectic points at XNaCl = 0.48, 157 °C and 0.51, 162 °C 

(Cook and Dunn, 1961). 

96

Figure 3.7 Ferric chloride (FeCl3) formation in chlorination reaction of 

titanium oxycarbonitride synthesized from ilmenite, (a) the 

trapped FeCl3 using NaCl inside alumina fiber and (b) the 

brown color precipitates of FeCl3 in the absence of NaCl. 

96

Figure 4.1: X-ray diffraction pattern of the Malaysian ilmenite 

concentrate. 

112

Figure 4.2: FESEM/EDX analysis of raw ilmenite of raw Malaysia. 113

Figure 4.3: FTIR spectrum of the polyethylene terephthalate (PET) 

plastic. 

114

Figure 4.4: XRD spectra of ilmenite reduced with MB coal (C:Ored= 1.5) 

in the N2 and H2-N2 gas mixtures at 1250°C for 180 minutes. 

115

Figure 4.5: XRD patterns of the samples reduced and nitrided with the 

mixtures of coal and PET in nitrogen gas at different carbon 

to oxygen molar ratios at 1250 °C for 180 minutes. 

117

Figure 4.6: XRD patterns of the samples reduced and nitrided with the 

mixtures of coal and PET in the H2-N2 gas mixture at 

different C:Ored molar ratios at 1250 °C for 180 minutes. 

119

Figure 4.7: TGA plots for the mixtures of ilmenite and reductants with 

25 wt.% PET, 75 wt% PET and 100 wt. % PET. 

120

Figure 4.8: XRD patterns illustrating the effect of PET in the CTRN 

process of ilmenite at 1250 °C for 180 minutes. 

122

Figure 4.9: The effect of addition of PET to coal of the extent of 

reduction (X, %) and nitridation (XN, %) for the samples 

reduced/nitrided at 1250 °C for 180 minutes. 

124

Figure 4.10: X-ray diffraction patterns for the unreduced ilmenite and the 

reduced and nitride ilmenite samples at 1150, 1200 and 1250 

°C for 180 minutes in the H2-N2 gas mixture with coal–

75wt% PET as reductant. 

129

Figure 4.11: X-ray diffraction patterns for the unreduced ilmenite and the 131



xiv 

reduced and nitride ilmenite samples with 25 wt% PET for 

60 and 180 minutes at (a) 1150 °C and (b) 1250 °C. 

Figure 4.12: X-ray diffraction patterns for the unreduced ilmenite and the 

reduced and nitride ilmenite samples with 75 wt% PET for 

60 and 180 minutes at (a) 1150 °C and (b) 1250 °C. 

135

Figure 4.13: X-ray diffraction patterns for the unreduced ilmenite and the 

reduced and nitride ilmenite samples at 1250 °C with 100 

wt% PET for 60 and 180 minutes.  

136

Figure 4.14: The equilibrium compositions in formation of (a) TiO, (b) 

TiC and (c)-(d) TiN from Ti3O5 by using carbon in an H2-N2 

atmosphere. 

142

Figure 4.15: Equilibrium partial pressure of CO for reactions (4.10)-

(4.12). 

144

Figure 4.16: Equilibrium fraction of TiO in Ti (O,N) at different CO 

partial pressure (PCO) in the range of 0.01-10 kPa with N2 

partial pressure of 50 kPa. 

145

Figure 4.17: The calculated equilibrium fraction of TiC as a function of 

temperature at different fractions of TiO (xTiO = 0.01, 0.02, 

0.05, 0.1 and 0.15) at 1 kPa CO and 50 kPa N2. 

146

Figure 4.18: Equilibrium partial pressure of CO2 and CH4 for reactions 

(4.16)-(4.18)-(4.22) calculated for an ideal TiO0.02C0.13N0.85 

solid solution synthesized in the H2-N2 gas mixture with 

coal-75 wt% PET at 1250 °C in 180 minutes with partial 

pressures of H2, N2 and CO at 50 kPa, 50 kPa and 1 kPa, 

respectively. 

148

Figure 4.19: Factors effect and interaction on (a) extent of reduction and 

(b) extent of nitridation 

151

Figure 4.20: Predicted versus actual values for (a) extent of reduction and 

(b) extent of nitridation of the ilmenite of Malaysia with 

mixtures of coal and PET. 

156

Figure 4.21: Perturbation plots for (a) extent of reduction and (b) extent of 

nitridation at middle level for all factors. 

158

Figure 4.22: The interaction plots for the extent of reduction as a function 160



xv 

of (a) temperature and time, (b) PET content and time, (c) 

temperature and PET content, (d) time and PET content, (e) 

temperature and particle size and (f) time and particle size. 

Figure 4.23: The interaction plots for the extent of nitridation as a function 

of (a) temperature and time, (b) PET content and time, (c) 

temperature and PET content, (d) time and PET content, (e) 

temperature and particle size and (f) time and particle size. 

161

Figure 4.24: The response surface plots for the effect of experimental 

variables on extent of reduction and the changes in their 

corresponding contour plots at lowest level of grain size (a)-

(b) with the reductant containing 75 wt% PET, (c)-(d) at 

temperature of 1250 °C and (e)-(f) for 180 minutes. 

164

Figure 4.25: The response surface plots for the effect of experimental 

variables on extent of reduction and the changes in their 

corresponding contour plots at lowest level of grain size (a)-

(b) with the reductant containing 75 wt% PET, (c)-(d) at 

temperature of 1250 °C and (e)-(f) for 180 minutes of 

reduction time. 

 165

Figure 4.26: FESEM morphologies of as-received ilmenite and ilmenite 

reduced by reductants composed of coal and PET in various 

PET ratios at 1250 °C for 180 minutes: (a) as-received 

ilmenite; (b) coal–25 wt% PET; (c) coal–75 wt% PET; (d) 

coal–100 wt% PET. 

166

Figure 4.27: FESEM micrograph and EDX maps of the sample reduced at 

1250 °C for 180 minutes with coal–25 wt% PET as the 

reductant. 

168

Figure 4.28: FESEM micrograph and EDX maps of the sample reduced at 

1250 °C for 180 minutes with 100 wt% PET as the reductant. 

168

Figure 4.29: FESEM micrograph and EDX maps of the sample reduced at 

1250 °C for 180 minutes with coal–75 wt% PET as the 

reductant. 

169

Figure 4.30: The quantitative EDX analysis of the sample reduced and 

nitrided with coal–75 wt% PET at 1250 °C for 180 minutes. 

170



xvi 

Figure 4.31: Off-gas analysis for the samples reduced with different 

reductants: (a) coal–25 wt% PET and (b) coal–75 wt% PET. 

172

Figure 4.32: XRD patterns for (a) reduced and nitrided ilmenite sample 

synthesized with 75 wt% PET in the H2-N2 gas mixture at 

1250 °C for 180 miutes and (b) iron-free titanium 

oxycarbonitride sample prepared by aeration leaching via the 

Becher process in NH4Cl solution at 70 °C for 3 hours.  

178

Figure 4.33: XRD pattern of Fe concentrate produced from the nitrided 

ilmenite of Malaysia by Becher process using NH4Cl and 

AQ-2 catalysts at 70 °C for 3 hours. 

179

Figure 4.34: FESEM/EDX analysis of Fe concentrate produced by Becher 

process from the nitrided ilmenite of Malaysia using NH4Cl 

and AQ-2 catalysts at 70 °C for 3 hours, (a) FESEM image 

and (b) EDX analysis 

180

Figure 4.35: (a) FESEM micrograph with EDX point analysis of Fe (Point 

1) and TiOxCyNz (Point 2) particles, and (b)  FESEM-EDX 

image with linescan analysis of the nitrided ilmenite 

synthesized by CTRN at 1250 °C in 180 minutes using coal-

75 wt% PET in the H2-N2 gas mixture. 

181

Figure 4.36: FESEM micrograph and EDX analysis of TiOxCyNz crystals 

synthesized from ilmenite of Malaysia by CTRN at 1250 °C 

in 180 minutes using coal-75 wt% PET in the H2-N2 gas 

mixture, (a-b) FESEM images, (c) EDX point analysis. 

183

Figure 4.37: Standard Gibbs free energy changes of reactions (4.27) to 

(4.30) in the temperature range from 100 °C to 800 °C. 

185

Figure 4.38: Stability diagrams for Ti-N-Cl system at (a) 250 °C, (b) 325 

°C and (c) 400 °C. 

186

Figure 4.39: Predominance diagram for Ti-C-Cl system. 188

Figure 4.40: Predominance diagram for Ti-O-Cl system. 188

Figure 4.41: Absorbance spectra for the iodine solutions prepared at 

different chlorination intervals compared to 0.05 N iodine 

standard. 

189



xvii 

Figure 4.42: The chlorine gas generation rate (a) moles of Cl2 gas, I2 and 

iodine concentration at KMnO4 / HCl = 1.5 and 120 °C, and 

(b) the flow rates of chlorine and nitrogen gases versus 

chlorination time. 

190

Figure 4.43: Effect of temperature on titanium extraction 192

Figure 4.44: Effect of particle size on Ti extraction at 400 °C. 193

Figure 4.45: X-ray diffraction patterns of (a) low-Fe TiOxCyNz 

synthesized by CTRN process, (b) residue of sample A 

chlorinated at 400 °C for 30 minutes, and (c) residue of 

sample A chlorinated for 60 minutes. 

194

Figure 4.46: FESEM and EDX analysis of the residue obtained from the 

chlorination of low-Fe TiOxCyNz sample at 400 °C for 60 

minutes. 

197

Figure 4.47: FESEM and EDX analysis of the residue obtained from the 

chlorination of low-Fe TiOxCyNz sample at 400 °C for 60 

minutes showing the niobium oxide containing particles 

which were not chlorinated in low-temperature chlorination 

process. 

198

Figure 4.48: FESEM and EDX analysis of the well-crystallized WC 

crystals observed in the residue which were obtained from 

the low-temperature chlorination of low-Fe TiOxCyNz at 400 

°C for 60 minutes. 

199

Figure 4.49: The general FESEM and EDX analysis of the residue 

obtained from the low-temperature chlorination of low-Fe 

TiOxCyNz sample at 400 °C for 60 minutes showing the 

presence of REEs such as dysprosium (Dy) in the 

chlorination residue. 

200

Figure 4.50: The general FESEM and EDX analysis of the residue 

obtained from the chlorination of low-Fe TiOxCyNz sample at 

400 °C for 60 minutes showing the presence of REEs such as 

dysprosium (Dy), cerium (Ce) and precious metals such as 

gold (Au) and silver (Ag) in the chlorination residue. 

201



xviii 

Figure 4.51: A schematic diagram of shrinking unreacted core model with 

an intermediate solid in gas–solid reactions, and 

concentration profile of gas reactant. 

205

Figure 4.52: Plot of 1− (1−X)2/3 versus time at various temperatures. 207

Figure 4.53: Plot of 1−2/3X−(1−X)2/3 versus time at various temperatures. 208

Figure 4.54: Plot of 1− (1−X)1/3 versus time at various temperatures. 210

Figure 4.55: Predominance phase diagram for Ti-N-Cl system. 211

Figure 4.56: Actual temperature of TiN sample chlorinated at 400 °C for 

60 minutes. 

212

Figure 4.57: Plot of 1 1 1 2/3 1 / 	 versus 

time at various temperatures 

214

Figure 4.58: Temperature dependence of the standard Gibbs free energy 

changes (∆G°) for the chlorination of TiN with Cl2 gas 

217

Figure 4.59: Arrhenius plot for TiN chlorination by a gas mixture of Cl2-

N2. 

218

Figure 4.60: FESEM images and EDX analyses of (a)-(b) unchlorinated 

TiN powder; (c)-(d) 54% chlorinated; (e)-(f) 83% chlorinated 

and (g)-(h) 97% chlorinated TiN powders at 400 °C. 

222

Figure 4.61: XRD patterns of as-received TiN powder and the residues 

after chlorination at 400 °C for 15 and 30 minutes. 

223

Figure 4.62: Extent of chlorination and the changes in the chlorine gas 

flow rate in the chlorination process. 

225

Figure 4.63: Chlorine gas production and consumption rates versus 

chlorination time. 

225

Figure 4.64: Photos taken from the solid and liquid materials in the 

progress of synthesizing TiCl4 from ilmenite of Malaysia. 

227

Figure 4.65: Photos taken from the digested materials in the progress of 

production of TiCl4 from ilmenite of Malaysia, (a) Ilmenite, 

(b) nitrided ilmenite, (c) Fe concentrate, (d) low-Fe TiOxCyNz 

and (e) chlorination residue. 

227

Figure 4.66: Fe and Ti contents of raw ilmenite from Malaysia, reduced 

and nitrided ilmenite, low-Fe TiOxCyNz, Fe concentrate and 

238



xix 

the residue of low-temperature chlorination determined by 

ICP-OES analysis. 

Figure 4.67: FT-IR spectrums of (a) high-purity TiCl4 (Johannesen et al., 

1954), (b) TiCl4 synthesized in the present research and (c) 

commercial TiCl4. 

230

   



xx 

LIST OF SYMBOLS 

Symbol Description 

ΔG Gibbs free energy changes 

°C Degree centigrade 

% Percentage 

wt% Weight percent 

D Molecular diffusion coefficient (m2/s) 

g Gram 

L Litre 

K Kelvin 

kJ Kilo Joule 

atm Atmosphere 

kPa Kilo Pascal 

µm Micrometre 

b Stoichiometric coefficient 

CA Concentration (mol.cm-3) 

D Molecular diffusion coefficient (m2.s-1) 

t Time (minute) 

τ Total conversion time (minute) 

ks Surface reaction rate constant (minute-1) 

kd External diffusion-controlled rate constant (min-1) 

 Internal (pore) diffusion-controlled rate constant (min-1) 

kM Mixed-controlled rate constant(min-1) 

R0 Initial radius (cm) 



xxi 

X Fraction extracted 

ρTiN Molar density (mol.cm-3) 

Ea Apparent activation energy (kJ/mol) 

T Temperature (K) 

P Pressure (bar)  

AB Collision diameter, a Lennard-Jones parameter (Angstrom) 

 Diffusion collision integral, dimensionless 

MA Molecular weights of TiCl4 

MB Molecular weights of Cl2 

Wf Final weight of sample 

Wi Initial weight of sample 

fO fractions of oxygen 

fC fractions of carbon 

fN fractions of nitrogen 

f°O,T Total fraction of oxygen 

f°o,R Total reducible oxygen 

X Extent of reduction 

XN Extent of nitridation 

ppm Part per million 

A Activation energy 

kt kilotonnes 

 

 

 

 

 

 



xxii 

LIST OF ABBREVIATIONS 

Abbreviation Description 

ADMA Advanced Materials 

ANOVA  Analysis of Variance 

ASTM  American Society for Testing and Materials 

BET  Brunauer–Emmett–Teller  

BJH  Barrett-Joyner-Halenda 

CHNS  Carbon Hydrogen Nitrogen Sulphur 

CP1  Commercially Pure grade 1 

CP2   Commercially Pure grade 2 

CSIRO  Commonwealth Scientific and Industrial Research Organisation 

CTRN  Carbothermal Reduction and Nitridation 

CV.  Coefficient of Variance 

DOE  Design of Experiment 

EAF  Electric Arc Furnace  

EARS   Enhanced Acid Regeneration Separation 

EDO  Electrochemical Deoxidation 

EDX  Energy-Dispersive X-ray Spectroscopy 

EMR  Electronically Mediated Reaction  

ERMS  Enhanced Roasting and Magnetic Separation 

FBR  Fluidized Bed Reactor 

FESEM Field Emission Scanning Electron Microscopy 

FFC  Fray-Farthing-Chen  

FFD  Full Factorial Design 

FT-IR   Fourier Transform Infrared 


	Synthesis of titanium tetrachloride through arbothermal reduction and chlorination of ilmenite oncentrate_Eltefat Ahmadi_B1_2018_MJMS

