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Synopsis
In this study, we review the role of mechanical activation in the pyrometallurgical, 
hydrometallurgical, and electrometallurgical processing of titanium feedstock. Mechanical 
activation has been shown to decrease the activation energy of chemical reactions, thus enhancing 
process efficiency and product quality by reducing processing time and energy consumption. 
Pyrometallurgical processing is energy-intensive and time-consuming. Hydrometallurgy is 
costly, requires high-grade feed material, and generates toxic waste. Waste generation and process 
complexity are the major drawbacks of electrometallurgy and solvent extraction. Bioleaching via 
a mechanically activated pyrometallurgical process can be identified as an alternative method, but 
the lengthy processing time is the major disadvantage. Mechanically activated titanium concentrate 
can be used in a finely tuned combined metallurgical process to overcome the challenges and 
drawbacks in these technologies. 
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Introduction
Titanium is the ninth most abundant element in the Earth’s crust (Das et al., 2013), and is known to be the 
metal of the 21st century. Titanium-rich heavy minerals such as ilmenite (40–80% TiO2), leucoxene (>65% 
TiO2), and rutile (approx. 95% TiO2) are the major titanium minerals used to produce refined TiO2 and 
titanium metal (Haverkamp, Kruger, and Rajashekar, 2016; Kothari, 1974; Shi et al., 2022; Zhu, Zhang, and 
Cheng, 2011; Subasinghe et al., 2022). About 95% of the annual global production of rutile (both natural 
and synthetic) is utilized to produce high-quality white TiO2 pigments, while the rest is mainly used in 
the production of titanium metal (Gázquez et al., 2014). Titanium dioxide is characterized by properties 
such as high transparency to visible light, iridescence, and high UV absorption. TiO2 therefore has diverse 
applications such as in pharmaceuticals, advanced ceramics, paints, porcelains, and rubber (Elsner, 2010; 
Subasinghe and Ratnayake, 2021; Subasinghe and Ratnayake, 2022). The photocatalytic activity of TiO2 
has been used in advanced applications such as photovoltaic cells, gas sensors, purification filters, and 
electro-ceramics (Bai et al., 2014; Wang and Lin, 2010). Titanium metal finds applications in the aerospace 
industries, and biomedical engineering such as prosthesis (Elsner, 2010; Subasinghe and Ratnayake, 2021). 
Titanium minerals cannot be directly used in any of these applications. Consequently, it is essential to 
upgrade/process titanium ores into refined TiO2 and/or titanium metal.

Ilmenite smelting was first reported in the late 19th century in New Jersey, USA, and the production 
of titanium alloys was initiated in 1906 (Morley, 1981). Titanium white pigments were first produced a 
couple of years later, replacing the toxic Pb and Zn white paint pigments (Brooks, 2000). Since then, several 
routes have been developed for the conversion of low-grade titanium ores into synthetic rutile via chemical, 
physical, physicochemical, and thermochemical techniques (Nguyen and Lee, 2018; Zhang, Zhu, and 
Cheng, 2011). Processing high-grade feedstock (natural rutile) generates less waste compared to low-grade 
feedstock such as ilmenite and leucoxene (Subasinghe et al., 2022) and is the preferred feedstock in the 
titanium mineral processing industry. However, ilmenite and leucoxene became prominent feed materials 
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to cater to the surging demand for titanium and its compounds due 
to the scarcity of natural rutile (Subasinghe and Ratnayake, 2021; 
Wang and Yuan, 2006). 

Commercial production of TiO2 and titanium metal follows 
distinct routes (Figure 1). Nevertheless, all routes require titanium 
ores to be upgraded, -usually consuming large amounts of energy 
and utilizing concentrated acids (Gázquez et al., 2014; Takeda, 
Ouchi, and Okabe, 2020).

This study is intended to fill the gap in the recent literature 
between titanium metallurgical processes and the role of mechanical 
activation in each method. We outline the controlling factors in 
hydrometallurgical, pyrometallurgical, and electrometallurgical 
processes to upgrade/refine titanium ores and discuss the 
significance of mechanical activation for each of the processing 
techniques (Table I).

Role of mechanical activation 
Initial mechanical activation, with or without the addition of 
reductants, can be advantageous for upgrading titanium ores 
to synthetic rutile and titanium metal. This step influences the 
efficiency, product quality, waste generation, and cost of subsequent 
unit operations. Milling increases the reaction rates by (Amade et 
al., 2009; Baba et al., 2013; Begin-Colin et al., 1994; Ren, Yang, and 
Shaw, 2000; Sasikumar et al., 2007; Subasinghe and Ratnayake, 2021; 
Tao et al., 2012; Tromans and Meech, 2001; Wei et al., 2009; Welham 
and Llewellyn, 1988):
➤  Increasing the specific surface area
➤  Breaking down  crystalline structure (i.e., grain boundary 

disordering, polymorphic transformations, and creation of 

defects such as Schottky, Frenkel, or Wadsley defects along 
crystallographic shear planes)

➤  Promoting chemical reactions (i.e., mechanochemical 
reactions with order-disorder reactions and phase 
transformations, especially in oxides)

➤  Promoting surface amorphization. 
The X-ray diffraction patterns of activated and unactivated 

ilmenite are similar, with no new phases forming during mechanical 
activation (Li et al., 2008; Li, Liang, and Wang, 2008b; Sasikumar 
et al., 2004, 2007; Shojaei et al., 2014; Tan, Hu, and Zhang, 2011; 
Wang et al., 2010; Wei et al., 2009; Wu et al., 2011a; Zhang et al., 
2010). However, ilmenite milled with sulphur as a reducing agent 
shows weak reflections from new phases formed during attrition 
(Chen et al., 1996; Subasinghe and Ratnayake, 2021). Ball milling 
can induce alteration of the lattice structure (i.e., rearrangement 
of grains and increments of strain). In this case, ilmenite peaks in 
the diffractogram become broadened with diminished intensities 
(Shojaei et al., 2014). 

Milling conditions
Grinding is the main method for the mechanical activation of 
titanium ore. Milling parameters are thus significant for effective 
and efficient grinding with the minimum possible energy 
consumption. For example, a lower ball-to-powder ratio results in 
less efficient grinding and longer grinding times (Begin-Colin et 
al., 2000). Planetary, attritor, and vibration mills are different types 
of ball mills based on the movement of balls and vials (Zhang, 
Zhu, and Wang, 2008). Impact, chipping, and abrasion are key 
mechanisms for the deformation of particles in these milling 

Figure 1—Schematic flow sheets of the chloride and sulphate processes through to the manufacture of end products (after Elsner, 2010)
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techniques (Kurlov and Gusev, 2007; Wu et al., 2018; Zhang, Zhu, 
and Wang, 2008, 2013). The median particle size (d50) and the 
specific surface area are generally used to assess the effectiveness of 
ball milling. The main milling parameters are rotation speed  
(r/min), size of balls, ball material (wear resistance and hardness), 
ball-to-powder mass ratio, milling time, medium of milling, filling 
ratio, milling container, additives/reducing agents, and milling 
atmosphere (e.g., vacuum, airtight, ambient air, or inert gas) (Table 
II). The selection of the milling parameters varies substantially 
based on feed materials (Zhang, Zhu, and Wang, 2008). However, 
trace contamination can occur from the balls and vials (Dworkin et 
al., 2018; Zhang et al., 2013).

Although the conditions listed in Table II have been used in 
successful bench-scale experiments, they are rarely reported to have 
been incorporated on an industrial scale, due to the lack of scale-
up optimized process parameters for both hard-rock and placer 
ilmenite. 

Milling time and particle size
Increased milling time decreases the particle size and increases the 
effective surface area. However, the rate of particle size reduction 
gradually decreases with time. The formation of composites can 
be initiated by using additives/reducing agents, during milling. 
Subasinghe and Ratnayake (2021) demonstrated the effect of milling 
time and particle size on the reduction of ilmenite. Nanoparticles 
were produced by ball milling a mixture of ilmenite, sulphur, and 
vein graphite in the weight ratio of 4:0.5:0.5 for 6 hours at room 
temperature.

Several studies have focused on the mechanical activation 
of titanium ores followed by acid leaching (Nguyen and Lee, 
2018; Zhang, Zhu, and Cheng, 2011). In this regard, prolonged 
milling to decrease the crystallite size improved the leaching 
efficiency of ilmenite (Shojaei et al., 2014; Wei et al., 2009). The 
improvement of leaching efficiency can occur due to the hindrance 
of lattice structure by mechanical activation (Li et al., 2008; Li, 

   Table I

   Common titanium ore processing techniques, their features, advantages, and drawbacks (Nurul, 2016; Zhang, Zhu, and Cheng, 2011)
   Process Pyro-treatment Leaching Advantages Disadvantages References

   Pre-treated using a pyro-technique
   Becher sulphate Iron oxidized to (a) NH4Cl/O2 Can handle Multi-step iron conversions Zhang 
   process Fe2O3 and reduced (b) 0.5 M diverse and leaching high et al., (2011) 
    to metallic Fe H2SO4 titanium energy consumption 
 at 1200°C  ore feeds Emission of CO2                                              
   Murso Similar to Becher  20% HC Improved efficiency  Similar to Zhang et al.,  
   process process, but fluidized  using fluidized beds Becher process (2011); 
 beds used for  Easier HCl recycle than   Nurul (2016) 
 conversion  sulphate system 
   Laporte process Lower temperatures 18% HCl with Does not form Similar to Becher Zhang et al.,  
 for iron conversion to  a bed fine TiO2 particles process in spite (2011) 
 FeO with controlled  contactor Ease of of lower 
 CO2 pressure  leaching FeO temperature used  
   Benelite process Iron conversion to Fe(II)   18–20% HCl Simple one-step Limited titanium Zhang et al.,  
 carbon  conversion of iron ore types  as (2011);  
 Thermic-reduction   the feed Nurul (2016)
    Austpac process Magnetization of 25% (w/w) HCl Magnetic separation  Higher acidity ilmenite at 
 for higher  needed for leaching  >97% TiO2 remaining magnetic iron 
 800–1000°C    
   Dunn process Selective chlorination  N/A Cl2 recycle by Handling highly 
 of iron in  oxidation of  corrosive Cl2 
 ilmenite with Cl2  FeCl2 to Fe2O3  
   The Kataoka process  Iron conversion to  H2SO4 H2SO4 less corrosive Large amounts of 
   (in Japan) ferrous form  than HCl iron sulphate    
   Low leaching wastes   
   temperature
   Direct leaching
   Altair process N/A (a) HCl digestion  Recycling of all  Multi step metal  Verhulst 
  (Fe, Ti)   chlorides;. leaching,  et al., (2003) 
  (b) Reduction of iron Small loss in iron conversion, 
  to ferrous state oxide and in and separation 
  by iron power digestion 
  (c) Solvent extraction residue 
  (SX) of Ti 
  (d) SX of impurities
   BHP Billiton  N/A (a) Concentrated 99% TiO2 Increased process Roche, et al., 
   improved sulphate  H2SO4 (Fe, Ti) Reduced waste;  complexity (2004); Zhang 
   process  (b) Ferrous sulphate  Produces clean  Recycle of large et al., (2011) 
     crystallization| gypsum; better volume of diluted acid   
      (c) SX of Ti selectivity by SX  solution 
      (higher product   
   purity)
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Liang, and Wang, 2008; Zhang et al., 2010). Li, Liang, and Wang 
(2008) demonstrated that high-energy ball milling increases iron 
dissolution and the subsequent hydrolysis of titanium by HCl. 
However, the filterability of reactive slurries is a major drawback 
with fine-grained particles. Milling time can be adjusted to obtain 
suitable particle sizes for solid-liquid separation (Li, Liang, and 
Wang, 2008).

Pyrometallurgy in titanium ore processing
Solid-state reactions such as oxidation and reduction occur at 
elevated temperatures (Bordbar, Yousefi, and Abedini, 2017; Nguyen 
and Lee, 2018; Zhang, Zhu, and Cheng, 2011). However, thermal 
treatments do not yield only pure products (Kothari, 1974). In this 
case, a mixture of TiO2 and elemental iron (usually referred to as 
slag in titanium ore processing) is obtained. These pyrometallurgical 
processing routes employ combinations of thermal oxidation and 
reduction by roasting, leaching, and physical separation (Zhang, 
Zhu, and Cheng, 2011). During these processes, iron is converted 

to the soluble ferrous or elemental form by thermal reduction in a 
pre-treatment step (Nguyen and Lee, 2018; Zhang, Zhu, and Cheng, 
2011), and the ore is subsequently acid-leached to obtain synthetic 
rutile (TiO2) (e.g., Kataoka and Yamada, 1973).

Common reducing agents     
Several authors have highlighted the benefits of reducing agents 
during the high-energy ball milling of titanium ores (Chen et al., 
1996, 2013a); Chen, Tang, and Xiao, 2015; Shahien et al., 2015; 
Wijewardhana, Subasinghe, and Ratnayake, 2021). For example, 
ilmenite undergoes sulphurization reduction (Equation [1]) 
with the formation of pyrite (FeS2) during prolonged milling in 
the presence of sulphur at room temperature (Chen et al., 1996; 
Subasinghe and Ratnayake, 2021). Chen et al. (1996) also claimed 
that milling ilmenite with sulphur for 200 hours successfully 
produces TiO2 at room temperature. Recently, Subasinghe and 
Ratnayake (2021) reduced the milling time to 6 hours by optimizing 
the ilmenite to sulphur ratio. Chen et al. (1996) obtained pure TiO2 

   Table II

   Summary of detailed milling conditions
   Rotation speed Ball size Ball Mill Ball-to-powder Milling Milling References 
   (r/min) (φ, mm) material material ratio (BPR) time atmosphere

 Approx. Hardened steel (Fe-Cr) Stainless steel 40.0:1.0 3 min−3 h Argon  Begin-Colin et al.  
 15 mm      (1994)
 25.4  Hardened steel Stainless steel  100−200 h Room temperature Chen et al. (1996)
 25.4  Hardened steel Stainless steel  100−200 h Room temperature  Chen (1997) 
      static vacuum or air
 25.4 Stainless steel Stainless steel 24.0:1.0 15 min− Room temperature Welham and 
     200 h vacuum Llewellyn   
       (1988) 
   1420 15 Steel (Fe-13% Cr) Steel (Fe-  40.0:1.0, 30.0:1.0,  5 min− Air Begin-Colin 
  or alumina  13% Cr) 20.0:1.0, 10.0:1.0 1.5 h  et al., (2000) 
   or alumina
   600 4.76  Tungsten carbide  60.0:1.0 1.5−48 h Argon  Ren et al., 
  (WC)     (2000)
   200 20 Agate Agate 4.0:1.0 30 min− Ambient  Sasikumar et al., 2004;  
     4 h  (2007)
   200 10 and  Hardened steel Stainless steel 20.0:1.0  Air Li et al., (2008) 
 5
   200 10  Hardened steel  40.0:1.0 4 h Vacuum  Li, et al., (2008) 
 5     
 8  Alumina Alumina 2.0:1.0 30 min− Room  temperature  Amade et al., (2009) 
     4 h in air
   300 20, 10,  Agate Polytetrafluoroe- 10.0:1.0 2−8 h  Wei et al., (2009) 
 and 6   thylene (PTFE) 
   200 20, 10,   Steel balls Stainless steel 20.0:1.0 2 h Air Wang et al., (2010) 
 and 5
   300 20, 10,   Agate Polytetrafluoroe- 10.0:1.0 2−8 h Room temperature  Zhang et al., (2010) 
 and 6  thylene (PTFE)   in air
   300 20 and Agate  10.0:1.0 2 h Room temperature  Tan et al., (2011) 
 10     vacuum
   200 20, 10,  Steel Stainless steel 20.0:1.0 2 h Air Wu et al., (2011a) 
 and 5
   165 25.4 Hardened steel Stainless steel  50 h Room temperature  Tao et al., (2012) 
      argon
   250, 350 6 and Stainless steel  20.0:1.0 1−6 h Argon  Chen et al., (2015) 
   450 10     
   180 20  Silicon nitride Agate 10.0:1.0 30 h  Shahien et al., (2015)
   500 10 Zirconium Zirconium 10.0:1.0 1−6 h Room temperature  Wijewardhana et al.,  
 and 5  ceramic ceramic  in airtight conditions (2021), Subasinghe 
       et al., (2021)
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powder by sulphurization reduction followed by selective leaching 
using HCl. Shahien et al. (2015) isolated the Fe and Ti phases as 
elemental Fe and TiO2 using carbothermic reduction, and leached 
the product to remove iron and produce pure TiO2. Wijewardhana, 
Subasinghe, and Ratnayake (2021) and Subasinghe and Ratnayake 
(2021) optimized parameters such as grinding, and carbothermic 
and sulphurization reduction conditions.

[1]

Various carbon sources (flake graphite, crystalline vein graphite, 
coal, anthracite, carbon black powder, activated carbon, and 
carbonized waste coconut shells) have been successfully used in the 
carbothermic reduction of ilmenite (Amer, 2002; Chen et al., 2013, 
2015; Shahien et al., 2015; Subasinghe and Ratnayake, 2021; Tao 
et al., 2012; Tripathy, Srinivasan, and Mehrota, 2012 ; Wang et al., 
2008; Wijewardhana, Subasinghe, and Ratnayake, 2021). However, 
the initiation of carbothermic reduction during ball milling was not 
observed in these investigations. Subsequent thermal treatments 
have produced TiO2 via carbothermic reduction of ilmenite (see 
Equations [2]–[4]) (Chen et al., 1996, 2013a; Merk and Pickles, 
1988; Run et al., 2017; Shahien et al., 2015; Thripathy et al., 2012; 
Wang and Yuan, 2006; Welham, 1996; Zhao, 1990).

[2]

[3]

          [4]

Interestingly, Subasinghe and Ratnayake (2021) obtained 
more promising results using commercially available sulphur and 
crystalline vein graphite (Figure 1).

Significance of reducing agents    
The reducing agents (sulphur and carbon) improve results during 
pyrometallurgical processes. A sufficient mass (according to 
stoichiometric or weight ratios) should be added to complete the 
reduction (Chen et al., 1996; Shahien et al., 2015; Subasinghe and 
Ratnayake, 2021). Chen et al. (1996) used an ilmenite to sulphur 
ratio of 6:2.5 in the milling process to produce TiO2 at room 
temperature. A mixture of graphite and titanium dioxide was used 
to observe polymorphic transformations and powder characteristics 
during high-energy ball milling (Ren, Yang, and Shaw, 2000). 
The authors observed the transformation of anatase to rutile and 
srilankite, and amorphization of TiO2.

In addition to polymorphic transformation, TiO2 and graphite 
particles, and crystallite refinement, agglomeration of fine particles, 
and mixing of TiO2 and carbon on a nanometre scale were 
observed. Ilmenite and carbon were mixed at the stoichiometric 
ratio of 4:1 to provide sufficient carbon for completing ilmenite 
reduction (Shahien et al., 2015; Tao et al., 2012). Carbonized 
coconut shells mixed with ilmenite in the ratio of 1:4 have also 
served as a successful reducing agent (Wijewardhana, Subasinghe, 
and Ratnayake, 2021). Subasinghe and Ratnayake (2021) also used 
ilmenite with sulphur and vein graphite in three different weight 
ratios. A combination of ilmenite, sulphur, and vein graphite in the 
ratio of 4.0:0.5:0.5 produced the best results.

Oxidation and reduction during thermal treatment
In industrial practice, oxidation involves high-temperature thermal 
treatment in a rotary kiln in the presence of air or oxygen to convert 

iron in titanium ore to iron oxides (Tan, Hu, and Zhang, 2011). 
Oxidation enhances the reactivity of titanium minerals (Janssen and 
Putnis, 2011; Sarker, Rashid, and Kurny, 2006; Zhu, Zhang, and Li, 
2014). The preferred oxidation products are haematite and rutile. 
However, the increase in crystallite size of haematite and rutile 
above 800°C decreases the interfacial surface area (Zhu, Zhang, and 
Li, 2014), which may decrease the efficiency of subsequent leaching. 
According to Vásquez and Molina (2012), oxidation of titanium 
ore at 800–1050°C increases the proportion of pseudobrookite. The 
oxidation rate increases gradually with temperature, and ilmenite 
can be completely oxidized above 800°C, as shown in Equation [5] 
(Zhu, Zhang, and Li, 2014).

[5]

The reduction of titanium ore is relatively cheap to carry out, 
and is thus preferred in the industry. Titanium ore is heated in 
the presence of a reducing agent as described above. Numerous 
investigators have reported the successful reduction of titanium 
ore using either solid or gaseous reductants such as H2 and CO, or 
mixtures of both (Bordbar, Yousefi, and Abedini, 2017; Kothari, 
1974; Merk and Pickles, 1988). Several techniques have been 
commercialized to reduce titanium ore; for instance, smelting 
in electric furnaces to yield titania-enriched slag and pig iron 
(Bordbar, Yousefi, and Abedini, 2017), removal of Fe, Mg, Si, and 
Mn oxides using vacuum carbothermic reduction (Run et al., 
2017), and microwave heating (Wang et al., 2014). Zhao (1990) 
described the carbothermic reduction of titanium ores using 
four steps: (i) diffusion of CO into porous grains, (ii) reaction of 
CO with ilmenite to produce TiO2 and Fe, (iii) migration of Fe 
from the unreacted core towards the grain boundaries, and (iv) 
formation of Fe nuclei and their subsequent growth. Zhao (1990) 
used three stages (induction, acceleration, and deceleration) to 
demonstrate the mechanism of conversion of ilmenite to Fe and 
TiO2. The coalescence of Fe particles retards the rate of reduction 
(Zhao, 1990). Moreover, the annealing environment (vacuum, air, 
or inert gas) is also important for the reduction reactions (Merks 
and Pickles, 1988). However, the major disadvantage of oxidation 
and reduction pretreatments is the intense energy consumption 
(Vásquez and Molina, 2008).

Temperature and time
Temperature and time of thermal treatment (e.g., annealing, 
sintering, smelting, roasting) are important parameters in 
pyrometallurgical processes (Merks and Pickles, 1988; Run 
et al., 2017; Wang et al., 2014; Zhang and Ostrovski, 2001, 
2002; Zhao, 1990). The temperature and time of pretreatment 
determine the amount and concentration of acid required and 
energy consumption during post-treatments such as leaching. 
Mechanical activation/grinding of ilmenite ore before heat 
treatment considerably reduces the annealing temperature and 
time (Subasinghe and Ratnayake, 2021). Moreover, the purity and 
crystallinity of the end-products depend on temperature and time 
of thermal treatment, whereas mechanical activation has produced 
better results (Subasinghe and Ratnayake, 2021). For example, 
high-purity TiO2 crystals can be formed by thermal treatment 
above 1300°C. The crystal size of rutile increases with increasing 
temperature (Bordbar, Yousefi, and Abedini, 2017; Subasinghe and 
Ratnayake, 2021; Zhang et al., 2011). Thermal treatments oxidize 
Ti3+ to Ti4+ with increasing temperatures from 1000°C to >1500°C 
(Zhang et al., 2011). It is also claimed that the grain size and 
volume fraction of rutile depend on melting temperature, heating 
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time, and cooling rate. In this case, the rutile phase is precipitated 
rapidly during high-temperature treatment. The grain sizes are 
subsequently increased during the isothermal heating time and 
cooling stages (Zhang et al., 2011).

Possible catalysts for the carbothermic reduction of titanium 
ores
Carbothermic reduction of ilmenite is not preferred in the 
industry due to time requirements and high energy consumption. 
However, the addition of catalysts during mechanical activation 
could decrease the activation energy of reactants during heat 
treatment and subsequent leaching processes. Several studies have 
focused on enhancing the rate of solid-state reactions to reduce 
energy consumption and speed up the process. Alkalis, chlorides, 
carbonates, and oxides have been found to increase the rate of 
reduction of iron oxide (Barnes and Pickles, 1988; Lv et al., 2017; 
Singh, Kishor, and Mankhand, 2018; Taylor, 1976). Specifically, the 
alkali carbonates of Group 1A elements in the periodic table have 
been shown to increase the reaction rates of titanium ore with gases 
such as CO2 and CO by increasing the fluidity of the charge (Rao, 
Adjorlolo, and Haberman, 1982). Singh, Kishor, and Mankhand 
(2018) used sodium carbonate as a catalyst for the carbothermic 
reduction of ilmenite. Similarly, Wijewardhana, Subasinghe, and 
Ratnayake (2021) used powdered seashells (calcium carbonate) 
during milling as a possible catalyst to enhance the rate of 
carbothermic reduction of ilmenite. Future research should 
investigate better catalysts for use during mechanical activation for 
sulphurization and carbothermic reduction of titanium ore.

Effect of impurities and ore grade on reduction
The physical and chemical characteristics and mineralogy of 

titanium ores significantly affect the rate of reduction reactions 
(Ismail, Amarasekera, amd Kumarasinghe, 1983; Merks and Pickles, 
1988, 2008; Sasikumar et al., 2004; Wang and Yuan, 2006; Welham, 
1996; Welham and William, 1999; Zhang and Ostrovski, 2001). For 
example, the presence of manganese impurities (Mn >1.24 wt.%) 
in titanium ores reduces the rate of carbothermic reduction (Wang 
and Yuan, 2006; Wang et al., 2008). Zhang and Ostrovski (2001) 
investigated the effect of different Fe and TiO2 contents on the rate 
of reduction. The authors suggest that higher Fe contents increase 
the reduction rate at the induction stage. In contrast, magnesium 
oxide (MgO), manganese oxide (MnO), calcium oxide (CaO), and 
silica inhibit reduction (Merks and Pickles, 1988). The reduction 
rate of titanium ores is controlled by the grade and impurity level of 
the feedstock, and thus the purity of synthetic rutile produced using 
mechanical activation and pyrometallurgical routes is questionable. 
Mechanical activation/fine grinding followed by magnetic and 
gravity separation would yield a higher grade concentrate.

Hydrometallurgical processes
Extraction or leaching using solutions (liquid phases) is referred to 
as hydrometallurgical processing. Pyrometallurgical processes are 
also followed by hydrometallurgical steps to extract pure TiO2 and 
titanium metal. There are several hydrometallurgical processes used 
in the titanium industry (Figure 2).

Acid leaching
HCl and H2SO4 are the most commonly used acids for upgrading 
and purification of titanium ores. However, the leachability of 
titanium ore using weaker acids such as oxalic acid and citric acid 
has also been studied (Table III). Mahmoud, Afifi, and Ibarhim 
(2004) classified acid leaching of titanium ores into five process 
routes:

Figure 2—Schematic showing the most environmentally friendly methods of pigment-grade titanium dioxide production
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Leaching time and temperature are significant variables 
affecting product quality. Therefore, future research should focus 
on the kinetic modelling of mechanically activated titanium ore to 
investigate the leaching models. If ball-milled titanium ore follows 
the shrinking core model during leaching, the effectiveness and 
process efficiency could be raised (Kuppusamy and Holuszko, 2022).

Factors such as temperature, concentration of acid, particle 
size, and solid to liquid ratio also affect the leaching kinetics, 
efficiency and quality of products (Nguyen and Lee, 2018; Zhang, 
Zhu, and Cheng, 2011). However, HCl and H2SO4 are consumed 
in dissolving impurities. Therefore, only part of the acid is used 
to break the strong covalent bonds of titanium minerals. This 
reduces the economic feasibility at an industrial scale. Simple initial 

(i)  Smelting followed by H2SO4 or HCl leaching at elevated 
temperatures

(ii) Reduction of titanium ore followed by acid leaching
(iii)  Reduction of iron in ilmenite to metallic iron followed by 

corrosion with oxygen and ammonium chloride
(iv)  Oxidation of titanium ore followed by reduction and HCl 

leaching
(v) Roasting and magnetic separation followed by HCl leaching. 

Almost all of these processes have been successful in the 
production of TiO2 and/or titanium metal using direct leaching 
techniques (Figure 3). However, there are both advantages and 
disadvantages to these processes (Table III), most of which can be 
circumvented by mechanical grinding before acid leaching.

   Table III

   Commonly followed strong and weak acid leaching techniques
   Process Advantages Disadvantages References

   HCl leaching High efficiency Corrosion of the production equipment Zhang et al. (2010) Middlemas,  
 Easy regeneration and recyclability of HCl  Requires a high-grade titanium raw material Fang, and Fan (2013) 
 Both cost and waste management Pyrohydrolysis is energy-intensive  Jia et al. (2014) 
 Regeneration of acid through pyrohydrolysis High capital cost for process equipment  
 Excellent impurity removal capability due to the use of concentrated HCl 
 Fast leaching rate Problem in solid/liquid separation 
 Acid regeneration technology
   H2SO4 leaching Less corrosion of production equipment Less efficiency in removing impurities Zhang and Nicol (2010) 
 Reusability of the discharged H2SO4 waste  Difficulty in treatment of crude iron (II)  Wu et al. (2013)  
 Use of low-grade titanium ore sulphate and of the waste acid solution Jia et al. (2014) 
 Low capital investment and Large volume of waste requiring  
 low energy consumption treatment and disposal 
  Slow leaching rate  
  Large quantities of waste iron sulphate 
  and diluted sulphate acid
   Weak acid leaching Low acid concentration Requires high energy Nayl, Awwawad,  
 Highly selective for Ti over Fe High cost of acid and Aly (2009a) 
 Reasonable liquid to solid ratio  
 Less corrosive action   
   Caustic leaching Higher leaching selectivity for Ti  Need to transform titanate to Zhang, Zhu, and 
 over Fe Mild atmospheric leach  to hydrous TiO2 in acidic solution Cheng (2011) 
 conditions at low temperature Recycling of large amount of alkaline solution  
  High energy consumption 

Figure 3—Most common commercial processes of titanium metal and titanium dioxide pigment production (after Zhang, Zhu, and Cheng, 2011)
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leaching with dilute HNO3 can be used to dissolve the impurities, 
thus reducing the consumption of HCl and H2SO4 (Figure 4). A 
brief comparison of the advantages and disadvantages of common 
hydrometallurgical methods is summarized in Table IV.

H2SO4 leaching
H2SO4 leaching dissolves titanium minerals to form Ti(VI) 
and SO42–/ HSO4

– complexes, such as TiOSO4, TiO(SO4)22–, 
TiO(SO4)46–, and Ti(OH)3HSO4 (Nayl and Aly, 2009). Han, 
Rubcumintara, and Fuerstenau (1987) reported that a distinctive 
product layer of TiOSO4 and FeSO4 is formed at higher than 16 
M H2SO4, and which is soluble in water at 98°C (see Equations 
[6] and [7]). Jonglertjunya and Rubcumintara (2013) identified a 

significant reduction of titanium dissolution in acid concentrations 
ranging from 12 M to 18 M at 90°C, due to the formation of 
titanium precipitates. Li, Liang, and Guo (2007) and Li et al. (2008) 
ascertianed that the leaching of titanium is very low in H2SO4 
solution (concentration range from 10 to 40 wt.%) below 100°C due 
to the hydrolysis of dissolved titanium. Leach residues can form a 
compact layer on the surface of unreacted ilmenite at 150°C with 
sulphuric acid concentration above 40 wt.%, hindering the leaching 
of iron (Jia et al., 2014).

[6]

     [7]

   Table IV

   Feed materials, purity of products, advantages and drawbacks of common titanium ore leaching techniques
   Process Feed Products Advantages Disadvantages

   Traditional sulphate  Natural ilmenite (>44 TiO2) Anatase (>98% TiO2)  Processing low grade ilmenite High H2SO4 consumption
   leaching process Ti slag (78% TiO2) (for papers, ceramics,   Low capital cost Large amounts of iron sulphate   
  and inks) Low energy consumption waste and dilute H2SO4 
    Simple technology                                    

   BHP Billiton  Diverse ilmenite ores >99% TiO2 with solvent Reduced waste,  Increased process complexity 
   improved Fe scrap reductant extraction, 97%  produces clean gypsum    Large volume of dilute acid  
   sulphate process  with crystallization Better selectivity by SX,  solution needs recyling 
   purer products 
   Thermo chloride >90% TiO2, natural or Pigment grade products  Recycle use of HCl reagent Need for higher grade feed              
   processes synthetic rutile, or (>99.5% TiO2) Ti metal Suitable for larger scale More corrosive, high energy 
 high-grade Ti slag  Purer products consumption Complicated  
   Waste more environmentally technology  
   acceptable                                       
   Chloride leaching Natural ilmenite and Ti slag >99.5% TiO2 More complete HCl acid recycle Higher capital costs for 
   process   Lower cost for waste, and more equipment and construction 
    environmental acceptable Higher degree of operational   
    Higher purity products and maintenance skill
   Caustic process Natural ilmenite and Ti slag >99.3% TiO2 Higher leaching selectivity  Need for transformation of 
   for Ti over Fe titanate to hydrous TiO2 in 
   Mild leach conditions at acidic solution  
   low temperature Recycling of large amount  
   and ambient atmosphere of KOH solution 
    High energy consumption

Figure 4—Summary of techniques used to process titanium ore to synthetic rutile (after Nurul, 2016; Nguyen and Lee, 2018; Subasinghe and Ratnayake, 2021)



Mechanical activation and physicochemical factors

407The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 123 AUGUST 2023

HCl leaching
Samal (2011) found that the leaching efficiency of titanium is lower 
than that of iron at low acid concentrartions such as 2.5 M HCl due 
to the precipitation of TiOCl2 (Equations [8] and [9]).

[8]

[9]

El-Hazek et al. (2007) suggested that leaching with high acid 
concentrations such as 12 M at 80°C is needed to suppress the 
hydrolysis of titanium at a high solid to liquid ratio of 1/20. The 
dissolution of titanium and iron increases with increasing acid 
concentration (Das et al., 2013; El-Hazek et al., 2007; Middlemas, 
Fang, and Fan, 2013; Olanipekun, 1999). The leach liquor of the 
pretreated titanium slag leached with 0.75–1.5 M HCl at 50°C is 
quite turbid and difficult to filter (Middlemas, Fang, and Fan, 2013). 
Clear filtrate and less finely suspended particles can be obtained 
at HCl concentrations above 1.5 M. However, precipitation occurs 
in this solution after only a few days (Middlemas, Fang, and Fan, 
2013). Consequently, the hydrolysis of dissolved titanium occurs at 
either low acidity or low temperature (e.g., 1.5 M and 50°C).

The effect of HCl concentration on the selective leaching of 
iron over titanium from ilmenite has been reported in the literature 
(Gireesh et al., 2015; Guo et al., 2014; Lasheen, 2005; Liu et al., 2015; 
Mahmoud, Afifi, and Ibarhim, 2004). Iron is almost completely 
dissolved in 30 wt.% HCl under reducing conditions, but titanium 
dissolution is negligible (Mahmoud, Afifi, and Ibarhim, 2004). 
In addition, 20 wt.% HCl is a suitable acid concentration for the 
selective leaching of iron. Therefore, it enhances the TiO2 content 
in the residue (Guo et al., 2014). Liu et al. (2015) also indicated 
that the recovery of TiO2 in the residue increased with increasing 
acid concentration from 200 to 240 g/L. Consequently, HCl 
concentrations higher than 220 g/L can be used to obtain a product 
containing more than 92% TiO2. The leaching efficiency of iron  
also increased as the acid concentration increased from  
2 M to 12 M, but the solubility of TiO2 seemed to be negligible in 
this acid concentration range (Gireesh et al., 2015; Lasheen, 2005). 
Furthermore, TiO2, HCl, and MgO (MgCl2 is added to increase the 
chloride ion concentration to enhance titanium and iron leaching) 
can be recovered via pyrohydrolysis/high-temperature hydrolysis. 
The recovered HCl is recyclable as shown in Equation [10] (Zhang, 
Zhu, and Cheng, 2011).

[10]

HCl is generally more efficient than H2SO4 in terms of titanium 
dioxide purity and recovery (Jia et al., 2014; Mehdilo and Irannajad, 
2012; Razieh, 2014; Sasikumar et al., 2004). In addition, HCl can 
be easily recovered from waste, making it more advantageous than 
H2SO4 (Mehdilo and Irannajad, 2012). However, the corrosion of 
production equipment is less with H2SO4 in comparison to HCl (Jia 
et al., 2014).
Dissolution of titanium ore with weaker acids
Titanium ores can also be leached using weaker acids such as 
oxalic (C2H2O4) and citric (C6H8O7) acid (Jonglertjunya and 
Rubcumintara, 2013; Kordzadeh-Kermani et al., 2020; Nayl, 
Awwad, and Aly, 2009a; Nayl and Aly, 2009). The reactions are as 
indicated in Equations [11][13].

      [11]

[12]

[13]

Both oxalic and citric acid are able to leach titanium, and citric 
acid provides effective results at low concentrations with the same 
physical conditions (Jonglertjunya and Rubcumintara, 2013). 
However, the leaching efficiencies of hydrochloric and oxalic acid 
are low compared to sulphuric and citric acid for lower grade ore 
(Jonglertjunya and Rubcumintara, 2013). Titanium leached more 
than iron under optimum conditions due to the precipitation of 
Fe(III) and Fe(II) at 90°C (Jonglertjunya and Rubcumintara, 2013). 
In contrast, the leaching efficiency of titanium gradually declines at 
temperatures above 150°C with 80 wt.% oxalic acid due to titanium 
hydrolysis (Nayl, Awwad, and Aly, 2009).

Although the leaching efficiency of sulphuric acid is high for 
low-grade ore, Jonglertjunya and Rubcumintara (2013) suggest 
citric acid as a better reagent due to lower acid consumption and 
lower leaching of iron. In addition, Nayl, Awwad, and Aly (2009) 
suggest oxalic acid as the most favourable reagent for the dissolution 
of pre-treated titanium ore due to the selectivity for titanium over 
iron. Oxalic acid is less corrosive, and the liquid/solid ratio is 
also reasonable. However, higher costs for oxalic acid and higher 
energy requirements compared with HCl and H2SO4 are the main 
disadvantages (Nayl, Awwad, and Aly, 2009).

Alkaline/caustic leaching
Alkaline/metal hydroxide/caustic leaching is also used to process 
titanium ores. Ilmenite is decomposed in an alkaline medium such 
as concentrated KOH or NaOH under atmospheric pressure to 
obtain an intermediate product with lower iron and higher titanium 
concentrations as shown in Equations [14] and [15], (Han et al., 
2021; Nguyen and Lee, 2018; Zhang, Zhu, and Cheng, 2011).

[14]

[15]

Amer (2002) developed a method to dissolve titanium from 
mechanically activated Rosetta ilmenite (a prominent deposit 
located in Egypt) using sodium hydroxide. About 90% of the 
titanium could be leached under optimum conditions of 0.3 M 
NaOH, 200°C, 90 minutes, and an oxygen partial pressure of 10 
bar (Amer, 2002). Subsequently, several researchers have prepared 
TiO2 from titanium slag using alkaline leaching and obtained 
intermediates (e.g., Na2TiO3 and K4Ti3O8) with high titanium and 
low iron contents (Han et al., 2021; Liu et al., 2006; Qi et al., 2005; 
Xue et al., 2009). For example, the intermediate product (K4Ti3O8) 
can be hydrolysed in acid (HCl and H2SO4) of pH 2.0 at 25°C for 1 
hour. The resulting hydrous TiO2 is calcined at 400°C to obtain well-
crystallized anatase (TiO2) with a purity of 99.3% (Zhang, Zhu, and 
Cheng, 2011). Alkaline leaching is usually used for the dissolution 
of titanium from raw ilmenite or hydrolysed titania after the 
removal of iron (Wu et al., 2011a, 2011b). Finely powdered titanium 
slag can be completely dissolved with 10 M NaOH at a NaOH to 
TiO2 ratio of 4:1 at a temperature of 220°C to obtain Na4Ti3O8. This 
intermediate has been acidified and subjected to cation exchange in 
the pH range <1.20 at 100°C to form TiO2 (Zhang et al., 2009). 
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NH3.H2O has also been employed along with H2O2 as an 
oxidizing agent to provide O22- ions (O22- reacts with titanium 
to form peroxide (TiO32-) and pertitanate (TiO62-) groups) for 
dissolving titanium from hydrolysed titania (Wu et al., 2011a, 
2011b). However, the final TiO2 obtained was less pure due to the 
presence of SiO2 (Wu et al., 2011a). In this case, Wang et al. (2010, 
2013) proposed two-step alkaline leaching (re-leaching the first 
filtrate to dissolve SiO2) and leaching with a mixture of NaOH and 
H2O2, respectively to obtain titanium precursors with less SiO2.

Interestingly, the alkaline leaching processes require less energy 
than conventional methods of titanium ore processing (Zhang, 
Zhu, and Cheng, 2011). These processes can be carried out at 
comparatively low temperatures and pressures.

Thermochemical reduction and dissolution
Chlorination at elevated temperatures (900–950°C) is the major 
commercialized thermochemical process for producing pure 
titanium tetrachloride (TiCl4) (Equations [16] and [17]). This 
method is also employed to produce high-purity TiO2 and 
titanium metal from titanium slag or synthetic rutile (Zhang, 
Zhu, and Cheng, 2011). Thermochemical processing was initiated 
immediately after the beginning of ilmenite smelting at end of the 
19th century. For example, the Hunter process (reduction of TiCl4 
in an inert atmosphere with sodium at 1000°C and re-leaching the 
salt with dilute HCl) was developed in 1887 to produce titanium 
metal via reduction of TiCl4 in a molten bath of sodium (Zhang, 
Zhu, and Cheng, 2011).

[16]

     
       [17]

The Kroll process, in which TiCl4 obtained by carbochlorination 
is purified and reduced with magnesium, followed by electrolysis 
of MgCl2 to recycle Mg, is now industrially mature (Fatollahi-
Fard and Pistorius, 2017). This method was introduced in 1940 to 
replace Hunter process, and is relatively cheap compared with the 
Hunter process. The Kroll process reduces TiCl4 at 900°C in molten 
magnesium (Nagesh et al., 2004). However, production of the TiCl4 
feed material is capital intensive due to the use of petroleum coke 
and chlorine gas, and quite environmentally unfriendly due to the 
release of dioxins, furans, and bulky organic pollutants (Jackson and 
Dring, 2006). Several studies have been carried out incorporating 
modifications to overcome these drawbacks using thermochemical 
reduction and dissolution (Zhang, Zhu, and Cheng, 2011). However, 
cost reduction of these thermochemical processes (the, Hunter and 
Kroll processes) remains a challenge.

There are three commercially established technologies to 
produce TiCl4, namely the fluidized bed process (most prominent), 
shaft furnace process, and chlorination in a molten salt bath (used 
in Japan and the former USSR). These thermochemical processes 
require high-grade feed material (over 90% TiO2) from natural/
synthetic rutile or high-grade titanium slag (Zhang, Zhu, and 
Cheng, 2011). However, the wastes generated in these processes are 
more disposable than those generated by the sulphate processes. 

Solvothermal/hydrothermal conversion 
Solvothermal and hydrothermal techniques are closely associated. 
They only differ in their precursor solutions (Zhang, Zhu, and 
Cheng, 2011). Several authors have used hydrothermal conversion 
to decompose titanium minerals into iron and titanium using acidic 
or alkaline solutions (Li, Wang, and Li, 2016; Manhique, Focke, 

and Madivate, 2011; Nayl et al., 2009a, 2009b; Nayl and Aly, 2009; 
Xiong et al., 2013). In particular, the minerals are decomposed 
to obtain solid or liquid phase TiO2 using sulphuric acid solution 
(Li, Wang, and Li, 2016; Sui and Zhai, 2014; Xiong et al., 2013). 
Xiong et al. (2013) decomposed ilmenite with 80–85 wt.% H2SO4 at 
150°C, followed by leaching with water to obtain titanium sulphate. 
The major drawbacks of this method can be summarized as the 
requirement for highly concentrated 80–85 wt.% H2SO4 (Xiong et 
al., 2013), energy for heating (Sui and Zhai, 2014), and generation of 
toxic gases such as H2S, SO2, and SO3 (Baba et al., 2013). However, 
titanium minerals are successfully decomposed at optimum 
conditions of 13.5 M H2SO4, at 160°C for 2 hours to yield titanium 
with minimal generation of unfriendly by-products (Li, Wang, and 
Li, 2016).

Titanium dissolution has been observed in concentrated KOH 
under atmospheric pressure. In this method, potassium titanate 
and iron oxide are obtained (Liu et al., 2006; Nayl and Aly, 2009). 
In addition, Baba et al. (2013) reported that NaOH is a better 
roasting agent than Na2CO3 in terms of the capacity for Na2O 
generation for reacting with titanium minerals to form NaFeTiO4, 
Na2TiO3, NaFeO2, and NaFeTi3O8. Moreover, this method enhances 
the leaching efficiency of titanium using sulphuric acid, enabling 
complete dissolution to be achieved (Baba et al., 2013).

Solvothermal techniques can be employed to synthesize 
titanium-based nanomaterials (Xie and Shang, 2007). These 
methods have some merits over other synthetic processes, such as 
the use of mild chemical conditions at relatively low temperatures 
and the formation of non-agglomerated nanomaterials (Zhan, Zhu, 
and Cheng, 2011).

Biohydrometallurgical process
In this method, titanium minerals are leached using 
microorganisms such as bacteria and fungi. Jonglertjunya and 
Rubcumintara (2013) compared acid leaching and bioleaching in 
terms of titanium and iron extraction. The experimental results 
indicated very low iron and titanium dissolutions even after 35 days 
of leaching in both pure (A. niger, P. citrinum, and B. megaterium) 
and mixed (A. niger and P. citrinum) culture media (Jonglertjunya 
and Rubcumintara, 2013). Besides, Acidithiobacillus ferrooxidans 
(A. ferrooxidans), an iron oxidizing bacterium and Pseudomonas 
mendocina (P. mendocina), an iron scavenging bacterium have 
been used to extract titanium from ilmenite (Navarrete et al., 
2013). Bioleaching is thus less effective due to very low iron and 
titanium dissolutions even after extensive leaching times. However, 
the combination of pyrometallurgy and biohydrometallurgy 
would be the best solution to enhance productivity while being 
environmentally acceptable. In this regard, bioleaching should 
effectively incorporate mechanical activation of raw ore for better 
results. Metal scavenging bacteria would attack smaller particles 
more rapidly than coarser particles. This will also increase efficiency 
and decrease leaching times. Therefore, practicing this on a large 
scale is likely to produce better results than traditional bioleaching 
techniques. Moreover, the titanium mineral processing industry 
can test such alternative methods for their suitability in terms of 
reaching the United Nations Sustainable Development Goals.

Factors controlling hydrometallurgical process
Acid concentration
The literature suggests that leaching recovery gradually 
increase with increasing acid concentration (Jonglertjunya and 
Rubcumintara, 2013; Nayl, Awwad, and Aly, 2009a; Nayl and Aly, 
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2009; Sasikumar et al., 2007; Zhang and Nicol, 2010). For example, 
dissolved titanium is hydrolysed in the presence of 10–40% H2SO4, 
which has an adverse effect on the leaching process (Li, Liang, and 
Guo, 2007, Li et al., 2008). In addition, the leaching of iron and 
titanium in pre-treated titanium ore increases considerably with 
HCl concentrations up to 9 M (Nayl and Aly, 2009).

Temperature
The leaching rate of ilmenite using sulphuric acid is extremely 
sensitive to reaction temperature. Titanium and iron are dissolved 
simultaneously by concentrated sulphuric acid, and the leaching 
recoveries of these metals increase with temperature (Nayl et al., 
2009; Sasikumar et al., 2007; Zhang and Nicol, 2010). Titanium and 
iron can be separated in the leaching process (using dilute H2SO4) 
by controlling reaction temperature (Jia et al., 2014; Li, Liang, and 
Guo, 2007). Leaching of iron increased with temperature using 20% 
H2SO4, while that of titanium decreased due to the instability of 
titanium in the solution at high temperatures (Li, Liang, and Guo, 
2007). Jia et al. (2014) also reported that most of the iron from 
Panzhihua (the main deposit located in Sichuan, southwest China) 
ilmenite was selectively leached using 20% H2SO4 at 150°C,  while 
leaching of Ti was less than 1%. Hydrolysis of the dissolved titanium 
ion occurs simultaneously during leaching at 125–200°C, resulting 
in a decrease in the leaching efficiency of titanium (Jia et al., 2014).

The leaching of titanium and iron from ilmenite using HCl 
increases significantly as the temperature increases from 25 to 
80°C (Das et al., 2013; El-Hazek et al., 2007; Lasheen, 2005). High 
leaching efficiency of ilmenite was obtained at higher temperatures 
(>80°C). However, several drawbacks can be identified, such as 
increased loss of HCl vapour and hydrolysis of dissolved titanium 
(Das et al., 2013; Tao et al., 2012). El-Hazek et al. (2007) and 
Lasheen (2005) reported low leaching efficiencies of iron and 
titanium at room temperature due to the low reactivity of ilmenite. 
Nevertheless, the leaching recovery of iron increased more rapidly 
than that of titanium as the temperature increased from 20 to 50°C, 
owing to the partial hydrolysis of titanium. The mobility of ions 
increases with temperature, enhancing the interaction between 
reactants in solids and liquids (Gireesh et al., 2015). However, 
reaction temperatures above 100°C adversely affect the leaching 
of titanium due to high polymerization and hydrolysis of titanium 
without affecting iron (El-Hazek et al., 2007). Leaching temperature 
is quite important for the production of high-purity TiO2 using 
moderate (pH 3–5) HCl concentrations (Guo et al., 2014; Lasheen, 
2005; Liu et al., 2015; Mahmoud, Afifi, and Ibarhim, 2004; Razieh, 
2014; Tao et al., 2012). The leaching of iron rapidly increased 
with enhanced temperature up to 90°C using 4 M HCl, leaving 
most TiO2 in the residue at any temperature (Lasheen, 2005). The 
hydrolysis reaction of TiOCl2 is known to be greatly enhanced at 
higher temperatures. Consequently, the recovery of TiO2 from the 
ilmenite residue using a moderate HCl concentration increases with 
temperature (Guo et al., 2014; Liu et al., 2015; Mahmoud, Afifi, and 
Ibarhim, 2004; Razieh, 2014). Middlemas, Fang, and Fan (2013) 
reported that the dissolved titanium can react with water to form 
insoluble hydrates such as orthotitanic acid, Ti(OH)4 or TiO2.2H2O 
at low temperatures (25–80°C), and metatitanic acid, Ti(OH)2 or 
TiO2.H2O at higher temperatures (80–110°C).

Ultrasound (>16 kHz) can also be used to reduce leaching 
time and temperature. Specifically, the reaction rate is enhanced 
due to high frequency, wave intensity, duration of ultrasound 
irradiation, and the physical characteristics of the lixiviant and 
nature of titanium ore (Narayana et al., 1997; Swamy et al., 1995). 

The reduction of chlorine content during the leaching of titanium-
bearing minerals is another advantage of using ultrasound 
(Narayana et al., 1997). 

Contact time
Long contact times between the solution/acid and the feed material 
increase the dissolution of iron (El-Hazek et al., 2007; Gireesh et 
al., 2015; Jia et al., 2014; Li, Liang, and Guo, 2007, Li et al., 2008; 
Li, Liang, and Wang, 2008; Nayl and Aly, 2009; Samal, 2011). 
Nevertheless, hydrolysis of dissolved titanium delays the leaching 
process (Li, Liang, and Guo, 2007; Zhang, Zhu, and Cheng, 2011). 
Moreover, the production of H+ during the hydrolysis of titanium 
ions enhances the ionic strength and the reactivity of the acid. In 
this regard, the dissolution of iron becomes rapid (Zhang et al., 
2010). The literature reveals that the percentage dissolution of iron 
and the enhancement of TiO2 in the residue increases with time 
(Li, Liang, and Wang, 2008b; Mahmoud, Afifi, and Ibarhim, 2004; 
Razieh, 2014). However, minimizing the contact time between acid 
(both HCl and H2SO4) and feed material by adjusting the other 
parameters would add more economic benefits (Zhang, Zhu, and 
Cheng, 2011).

Effect of particle size
Several researchers describe how the ilmenite particles break down 
during reduction/oxidation as a result of the separation of the iron 
from the TiO2. A decrease in particle size increases the effectiveness 
of leaching. The leaching of titanium increases at particle sizes 
below 150 μm and mostly decreases above >200 μm (El-Hazek et 
al., 2007; Mehdilo and Irannajad, 2012; Samal, 2011). The reduction 
of particle size increases the effective surface area and enhances 
the leaching activity (El-Hazek et al., 2007; Samal, 2011). The 
dissolution of iron and titanium occurs generally for any particle 
size in the presence of HCl (van Dyk, Vegter, and Pistorius, 2002). 
Fine particles show faster reaction rates (El-Hazek et al., 2007; 
Nurul, 2016). However, reduction of particle size to less than 105 
μm weakens iron dissolution (Nayl, Awwad, and Aly, 2009; Nayl, 
Ismail, and Aly, 2009; Nayl and Aly, 2009).

Additives and catalysts
Reducing agents have been found to improve leaching efficiency 
(Nguyen and Lee, 2018). The effect of additives and catalysts can be 
summarized as follows. 

(i)     The leaching of titanium increases, and that of iron 
decreases, with increasing FeSO4 (addition of Fe2+ ions) 
concentration during H2SO4 leaching (Jia et al., 2014)

(ii)    The presence of Ti(III) ions and SO2 gas in sulphuric acid 
reduces iron (III) in titanium minerals via a redox reaction 
and aids dissolution of titanium (Zhang and Nicol, 2010)

(iii)   Addition of metallic iron powder increases titanium 
leaching efficiency via reduction of iron(III) during HCl 
leaching

(iv)   The HCl leaching efficiency of titanium ores depends on 
the chloride ion concentration, and the effect has been 
found to be in the order CaCl2 > MgCl2 > NaCl (Das et al., 
2013)

(v)    The presence of sulphate ions in HCl solution also increases 
the efficiency of iron dissolution (Gireesh et al., 2015)

(vi)   Leaching efficiency increases in the presence of hydrogen 
peroxide (H2O2) and ultraviolet (UV) light (Jayaweera et 
al., 2011). 
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However, the increment of iron powder also increases acid 
consumption (El-Hazek et al., 2007). The presence of 6% iron 
powder enhances iron dissolution in HCl solution, and increases 
TiO2 content (Lasheen, 2005). Furthermore, the presence of 
sulphates/sulphate ions such as CaSO4, MgSO4, Na2SO4, and K2SO4 
during HCl leaching enhances the purity of titanium. Specifically, 
monovalent metal sulphates (Na2SO4 and K2SO4) are less effective 
than divalent metal sulphates (CaSO4 and MgSO4). Moreover, 
an excess of reducing agents might reduce Ti(IV) to Ti(III) and 
decrease the tendency of Fe(II) ions to be oxidized to Fe(III) 
(Mahmoud, Afifi, and Ibarhim, 2004).

Oxidation and reduction of titanium ore during 
hydrometallurgical processing
Oxidation induces micro-cracks, and micro-pores. Therefore, it 
enhances the rate of leaching at 1000°C (Grey et al., 2007; Sarker, 
Rashid, and Kurny, 2006; Zhu, Zhang, and Li, 2014). However, 
oxidation at 900–1000°C significantly decreases the leaching 
efficiency due to the formation of pseudobrookite (Zhu, Zhang, 
and Li, 2014). Oxidation below 800°C has little effect on iron 
dissolution, as the solubility of ferric iron is low during acid 
leaching (Janssen and Putnis, 2011).

Titanium ore upgrading processes such as the Becher process 
employ iron oxidation followed by reduction (Farrow, Ritchie, 
and Mangono, 1987). Methods such as the Murso process oxidize 
titanium ore in fluidized beds at temperatures ranging from 900 to 
950°C (Sinha, 1973), and the ferric iron formed is reduced using 
a reducing agent such as H2 gas. Similarly, in the Laporte process 
titanium ore is pre-oxidized in a fluidized bed at 950°C and reduced 
in a rotary kiln using coal at 900°C (Robinson et al., 1977). Iron 
is oxidized according to Equation [5] followed by reduction (see 
Equation [18]) in a rotary kiln with a mixture of pseudobrookite 
(Fe2O3·TiO2), coal, and sulphur at >1200°C to convert iron oxide to 
metallic iron (Zhang, Zhu, and Cheng, 2011).

[18]

The produced metallic iron is re-oxidized (see Equation [19]) 
and precipitated as a slime in large vessels using 1% ammonium 
chloride solution at 80°C during the aeration 'rusting’ step (Zhang, 
Zhu, and Cheng, 2011).

[19]

Electrometallurgical/electrochemical processes
Electrometallurgical/electrochemical processing (i.e., use of 
electrical energy to extract metals by electrolysis) of titanium 
minerals became more common in the 21st century due to the 
invention of electro-deoxidization in molten salt in 2000 (Liu et al., 
2012). Several studies have focused on producing titanium metal 
and alloys via electrometallurgical routes (Table V). Disadvantages 
such as low productivity and lengthy times required for impurity 
removal could be circumvented by mechanically grinding the 
titanium ore. This would simultaneously increase the recovery of 
TiO2 in products.

The use of electrical energy in conjunction with chemicals has 
also focused on reducing the production cost of TiO2 and titanium 
metal. Most of the electrochemical methods are automated, and thus 
utilize continuous production lines (Fatollahi-Fard and Pistorius, 
2017; Zhang, Zhu, and Cheng, 2011). However, reactive products 
and associated problems in redox recycling are the main limitations 
of this method (Chen, Fray, and Farthing, 2000). Consequently, 
several methods have been introduced for direct reduction, such as 
Electro-slag electrolysis (ESE) and the Fray–Farthing–Chen (FFC) 
process. The FFC process, with TiO2 as feed material, is the more 
efficient. These methods enable the production of titanium metal in 
one step (Suzuki, Teranuma, and Ono, 2003; Takenaka et al., 1999). 
The cost of production can be significantly controlled by using well-
ground TiO2 as the feed material in these processes.

Conclusions 
Pyrometallurgy, hydrometallurgy, and electrometallurgy are 
prominent methods to cater to the escalating global demand for 
TiO2 and titanium metal. Mechanical activation (ball milling with 
or without reductants) of titanium ore is an important method to 

   Table V

   Comparison of common electrochemical and thermochemical titanium ore processing techniques

   Process Features Advantages Disadvantages References
   Hunter and Kroll  Molten Na or Mg Ti product with less oxygen Labour-intensive batch process Nagesh et al., (2004) 
   processes (thermo) as the reductant content and metallic impurities  Heterogeneous exothermic reactions 
  Lower costs using Mg reduction Low productivity 
   Electrolysis KCl-LiCl electrolyte graphite Fewer steps  Redox cycling and handling Chen, Fray, and 
   processes                  anode steel cathode Continuous operation very reactive dendritic products Farthing, (2000) 
 TiO2 feed No TiCl4 and metallic involvement 
  Cheaper than thermochemical
   ESE processes  Graphite anode Direct reduction from TiO2 slag Difficult to control the heat balance Takenaka et al.,  
   (direct electro- Cu cathode Potential for continuous operation and CO evolution (1999) 
   chemical) Molten CaF2-CaO-TiO2

   OS process  TiO2 powder cathode Direct reduction from TiO2 Free carbon contaminating Suzuki, Teranuma,  
   (direct electro- Graphite rod anode powder as feed in a single cell the Ti product by the formation of TiC and Ono, (2003) 
   chemical) Ca reluctant and molten CaCl2

   FFC process Pre-formed porous TiO2  Simple, rapid, and better Slow O2 diffusion Chen, Fray, and 
   (direct electro pellet as cathode current efficiency Costly for the TiO2 pellet feed Farthing, (2000) 
   chwmical) Inert anode for O2 evolution Potential continuous operation Long time required for 
 Molten CaCl2 phase  removing waste CaCl2 after electrolysis
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reduce the activation energy required for interacting with the strong 
covalent bonding in titanium ores. This increases the efficiency of 
subsequent metallurgical processes. Pyrometallurgical treatment 
produces low-purity synthetic rutile (TiO2) and slag. In this case, an 
additional leaching step is required to separate synthetic rutile. Two 
major hydrometallurgical routes, namely the chloride and sulphate 
processes, have been commercialized.

Low-grade feed material such as ilmenite or leucoxene can 
be used in sulphate route leaching. However, a greater amount of 
waste is generated at the expense of high energy requirements. In 
contrast, the chloride process yields highly pure products with less 
waste generation. This process requires high-grade feed material 
such as natural or synthetic rutile or titanium slag. Thermochemical 
processes such as the Kroll and Hunter processes require high-
grade feed material such as TiCl4. Consequently, these processes 
have proven to be less efficient, even with the existing technology. 
Electrochemical methods are comparatively feasible. However, 
the generation of highly concentrated solutions, redox recycling, 
feeding, and controlling heat balance are the main drawbacks. 
Direct leaching technologies have proven to be more effective than 
thermochemical and electrochemical techniques.

The use of combined metallurgical techniques such as pyro-
and hydrometallurgy to increase process efficiency and purity of 
products, and reduce energy consumption and waste generation, 
should be a future focus of the titanium ore processing industry. 
Pyrometallurgical processing of mechanically activated titanium ore 
followed by microbial leaching/biohydrometallurgy can constitute 
an unconventional method to enhance production while being 
environmentally friendly.
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