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Abstract 

This article mainly introduced the technology of coal-based direct reduction process 
which utilizing ilmenite through the rotary kiln. A brief introduction of the situation of 
raw material and fuel has been given as per the product quality requirements. Based on 
the general description of the production process of reduced titanium in the rotary kiln, 
it has been analyzed specifically the process parameters especially about the reduction 
temperature, reduction time, atmosphere control etc. Finally, the typical problems such 
as emission of flue gas and furnaces ring in rotary kiln have been fully analyzed and 
resolved by corresponding solutions. 
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1. Introduction 

Ilmenite is an oxide mineral of iron and titanium resource, also known as titanium magnetite. It serves 

as a major titanium resources for producing sponge titanium and titanium dioxide and  indispensable 

raw material for production of titanium iron and welding rod [1]. 

Nowadays, the pre-treated pyrometallurgical process is mainly the rotary kiln direct reduction 

technology which uses ilmenite to produce reduced titanium in order to provide the low-cost raw 

material for the next step. The reduced titanium are small size mineral particles with dark grey contain 

the main components of TiO2 and metallic iron. TiO2 can improve the process performance of welding 

rod and metal iron can improve the cladding efficiency of welding materials. Therefore, reduced 

titanium is mainly used for slag making agent of welding materials, as well as to produce titanium 

slag and artificial rutile. Due to above different products, the quality requirements of reduced titanium 

is different, especially about its composition and particle size which is listed as follows: 

 

Table 1. Typically reduced titanium components (wt%) 

Items TiO2 TFe MFe FeO η(MFe/TFe) 

Reduced titanium for hydrometallurgy 59.31 34.19 30.15 5.20 88.17 

Reduced titanium for pyrometallurgy 56.88 33.64 28.10 7.06 83.50 

 

The quality requirements of reduced titanium for welding rod are as follows [2]: 

1) To keep the FeO content as low as possible:otherwise FeO will form a fine and loose network 

structure with other oxides such as MnO and SiO2, which seriously decreases the mechanical 

properties of the welding seam. 
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2) To keep the C content lower:Carbon mainly has an impact on the welding seam, which will cause 

welding droplet to spatter, affects the appearance of the welding seam as well as likely to form CO 

pores and cracks. 

3) S content:Sulfide inclusions are possible to decrease the mechanical properties of the weld, 

especially about the plasticity and ductility, which will cause weld porosity to affect the corrosion 

resistance. 

4) P content:The main harm of P is embrittlement, which significantly affects the ductility of steel, 

especially more serious when at low temperature. When the phosphorus content is high, the brittle 

transition temperature of weld metal is also increased. 

Rutile is synthesized chemically which means the metal iron in reduced titanium was separated and 

leached by titanium solution or sulfuric acid. A kind of enrichment titanium material obtained by 

removing iron and other impurities from titanium ores which are mainly used as raw materials for the 

chloride process of titanium dioxide, and its quality properties mainly are contents of TiO2 and 

calcium oxide and particle size. The rutile quality requirements for reduced titanium are shown as 

follows: 

 

Table 2. Typical component requirements of reduced titanium for synthetic rutile (wt%) 

Contents TiO2 FeO η(MFe/TFe) CaO C S +20mesh +60mesh -160mesh 

Type I ≥56 ≤8 ≥87 ≤0.12 ≤0.35 ≤0.035 ≤1 ≤70 ≤5 

Type II ≥56 ≤9 ≥85 ≤0.15 ≤0.4 ≤0.04 ≤1 ≤70 ≤5 

 

2. Raw materials 

2.1 Mineral 

There are many kinds of titanium ores with different reactivity which shows few kinds of titanium 

ores can use for reduced titanium production. According to different quality requirements of reduced 

titanium, different types of titanium ores should be selected for production with consideration of the 

ore’s grade, type, surface structure, particle size and gangue content [3]. 

Higher TiO2 content and lower TFe content are prefered. Compared with rock ore, in placer, the Fe3+ 

content is higher and the structure is relatively looser, the reduction rate is higher. The particle size 

should be appropriate which means a smaller size will decrease the permeability of the material layer, 

which affects the mass transfer process and slow down the reduction rate. 

The content of MgO and MnO in titanium ores have a great influence on reduction. During the solid-

state reduction process, they are enriched at the reaction interface to form a barrier that hinders the 

diffusion process of reactants. In addition, a small amount of MgO and MnO is easy to form a stable 

M3O5 continuous solid solution phase with FeTi2O5 and Ti3O5 in the reduction products, which 

reduces the activity of iron oxides. All of above will lead to slow down the reduction rate of ilmenite. 

The quantity of China's titanium ore is relatively huge[4], while the grade and quality are relatively 

poor, mainly is rock ore with poor reactivity. At present, the main ore used for production is the placer 

which mainly imported from the country of Mozambique, Kenya and etc. 

2.2 Coal 

Coal plays two main roles in the production of reduced titanium: providing CO reducing atmosphere 

to promote the reduction of ilmenite because CO is easier to react than solid carbon and also can 

prevent the reoxidation of the metal iron; providing the heat required for the reaction of ilmenite since 

the carbon used for reducing the ilmenite is endothermic. 

Therefore, the basic requirements for coal are good reactivity, low ash content, appropriate volatile 

content, high ash soft melting temperature and high calorific value. The reactivity strength of different 

type of coal is: lignite > bituminous coal > anthracite. Ailuka of Australia produces artificial rutile 
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with Colley coal of Western Australia which is the best with 6 percent ash, 26 percent volatile and 

the ash soft melting temperature is 1410℃. Currently, the coal used in China is Shanxi Shenmu 

bituminous coal with high volatile content, low ash content, low sulfur content and low calcium 

content. 

3. Technology Introduction 

Reduced titanium production is a coal-based direct reduction process in rotary kiln. Ilmenite as the 

main raw material, bituminous coal as a reducing agent(It also provides the heat needed for the 

reaction), are mixed in a certain proportion and then added into the rotary kiln. The iron oxide was 

reduced at 1100~1200℃, and the reduced titanium was obtained after cooling, screening and 

magnetic separation. The main technological process is as follows: 

 

Figure 1. Coal-based direct reduction process in rotary kiln 

 

The main technical and economic indicators produced by a domestic enterprise are as follows: 

 

Table 3. Typical technical and economic indicators 

Project Units,per ton Quantity 

Ilmenite (TiO2%≥55%) t 1.2178 

Coal t 0.270 

Electricity t 75 

Fresh water t 0.7 

NG m3 0.7 
Head temperature ℃ 1140 

Metallization rate wt% 88 

 

It can be seen that the fuel ratio of unit ilmenite produced by rotary kiln t is less than 300kg and the 

other energy consumption is also relatively low, which has a good cost advantage. 

4. Technology analysis 

In the rotary kiln,among all the carbon thermal reduction , the solid-solid reaction between ore and 

coal is negligible, instead the gas-solid reaction is mainly in prevail, that is, the reducing agent first 

occurs oxidation reaction to produce CO and then CO continues to produce reduction with ilmenite. 

The main reactions in the kiln are as follows [5]: 

C+O2=CO2                                     (1) 

C+CO2=2CO                                    (2) 

2C(s)+O2(g)=2CO(g)                                 (3) 

burdening

• ilmenite

• coal

heating and 
reduced

• coal injection
cooling

screeningmagnic seperationreduced titanium
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                            (4) 

CO+Fe2O3=2FeO+CO2                                (5) 

CO+FeO=Fe+CO2                                  (6) 

FeTiO
3
+CO=Fe+TiO

2
+CO

2
                              (7) 

 

 

Figure 2. Schematic diagram of reduction process in rotary kiln 

 

In reduced titanium production, the quality of products is evaluated mainly by the proportion of pure 

iron which reduced from iron oxide, namely the metallization rate, which is mainly affected by the 

kiln temperature, reduction time and reduction atmosphere in rotary kiln. 

4.1 Reduction temperature 

Thermodynamic calculation shows that the reaction (3) is endothermic. With the increase of 

temperature, the equilibrium constant increases, which is conducive to the migration of the reaction 

towards CO formation. The reaction (5), (6) and (7) can only be carried out when the partial pressure 

of CO is very high. 

In the CO+CO2 system[6], in the dominant region diagram of C-O system, the equilibrium curve 

divides the coordinate plane into two regions. Under the condition of a certain total pressure P, % CO 

of the gas phase increases. When t< 400℃, %CO≈0, the reaction basically could not proceed. With 

the increase of temperature, %CO did not change significantly. When t=400~1000℃, %CO increased 

significantly. At t > 1000℃ and %CO≈100%, the reaction proceeds completely. At high temperature 

with carbon exists, almost all is CO other than CO2 in the gas phase. 

 

 

Figure 3. Relationship between Boolean reaction and temperature and pressure 

 

Since the reaction is reversible, the CO concentration in the system must be higher than the CO 

concentration at equilibrium to prevent reoxidation of the product. At 1000~1150℃, only the CO 

volume fraction in CO+CO2 system is greater than 94% can the Boolean reaction occur. To increase 

the iron metallization rate of reduced ilmenite, it can be achieved by increasing the equilibrium 

constant Kp of the reaction and the partial pressure of CO in the system. Increasing the temperature, 
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the equilibrium constant Kp is raised to promote the reaction of CO reduction FeTiO3, which is also 

conducive to the progress of the Boolean reaction and increase the partial pressure of CO. Totally 

above is conducive to improving the metallization rate of reduction products. 

In conclusion, temperature is the most important factor which affects the reaction rate (Fig. 4 and Fig. 

5). The reduction of iron oxide in the rotary kiln starts at 700℃ and speeds up with the increase of 

temperature. While the temperature is reached about 1120℃, the Boolean reaction is almost 

completed which means it is useless to control the temperature over the point in order to increase to 

reaction rate. 

 

Figure 4. Temperature change in rotary kiln 

 

 

Figure 5. Metallization rate change of iron in rotary kiln 

 

High temperature can promote the reduction and carbon gasification reaction, especially the carbon 

gasification reaction. It is especially important to raise the temperature for the coal with poor 

reactivity. However the temperature is limited by the ash melting point of coal and the softening 

temperature of ore. If the temperature is too high, it will easily cause the kiln ring, damage the 

equipment. If dealt with out of time, it will seriously cause the shutdown and other operation accidents. 

4.2 Reaction time 

Reaction time is also one of the main factors affects the metallization rate. It refers to the residence 

time of materials in the high-temperature zone of the rotary kiln. Under certain conditions, the longer 

the reaction time is, the higher the metallization rate will be[7]. 
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The reaction time is mainly related to temperature gradient, length and rotary speed in the rotary kiln. 

First of all, it is necessary to give priority to the temperature distribution in the kiln, control the 

temperature gradient well and extend the length of the high-temperature zone. Secondly, slow down 

the rotary speed can also prolong the reaction time, but it will bring other problems, such as pouring 

at the end of the kiln and mixing uniformity of materials in the kiln.  

There are 6 movement modes of materials in the rotary kiln, as shown in the figure below, which are 

directly related to the characteristics of the materials themselves and the rotary speed, etc. Generally, 

since the speed of rotary kiln is quite slow, the movement modes of materials are slipping, collapse 

and rolling. Under the slip state, it is not conducive to the reaction due to there is almost no relative 

motion in the material bed and the material mixing is very weak. With the increase of rotary speed, 

collapse and rolling appeared one by one. The mixing of materials in these two states are more 

obvious to promote the reaction. The ideal state is rolling in industrial production. 

 

 

Figure 6. Effects of different rotary speed to the motion state of materials in rotary kiln 

 

4.3 Influence of atmosphere 

The reaction atmosphere, which is CO concentration in the kiln, is directly related to the amount of 

carbon and the amount of supplementary air (air-coal ratio). When the carbon content is below an 

ideal amount, the reduction rate increases with the increase of the carbon content. If anthracite is used 

as a reducing agent, in order to ensure a certain reduction rate, excess carbon is often added, which is 

generally 100~200% of the theoretical value. 

 

Figure 7. Influence of carbon content on operation index of rotary kiln 

 

5. Problems and measures of Production 

With the progress of technology, the main problems involved in reducing titanium are eco-friendly 

emission of flue gas, excessive calcium content in products and kiln ring. 
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5.1 Eco-friendly emission of flue gas 

Exhaust emission,which mainly are NOx, SO2 emission,is the main factor that affects the normal 

production at present. The main reason for this problem is due to the huge fluctuations of combustion 

temperature and NOX content in the kiln. Generally, the temperature can be adjusted and controlled 

timely through stable operation; To ensure enough air and less gas as possible, full combustion, as 

well as to increase the air volume of secondary combustion, thus can the combustible components 

burn complete to reach under 1.5% of the flue gas CO content generally. 

5.2 Excessive calcium content 

A large amount of lime is added from raw material, which leads to a high content of calcium in 

reduced titanium, thus affects the subsequent application of the process. This is mainly due to the 

following reasons: the kiln temperature is too high, there are many pores and impurities in the 

materials. Ventilation (pressure, air volume) operation is improper that cause the products contain 

more "ash". Calcium powder can be removed by controlling the temperature of high temperature 

point, especially lowering the temperature of kiln hood and appropriately increasing the ventilation 

capacity. 

5.3 Kiln rings 

There are two main reasons for kiln rings: 

1) Fusible materials to form rings in high temperature kilns,when the temperature exceeds 1200℃, 

the ash of coal combines with the raw material at high temperature to form the dung with relatively 

low melting point, which finally makes the rings. The measures are to control the reduction 

temperature in order to avoid super high temperature and to use coal with higher ash melting point. 

2) Excessive oxygen content in local place of kiln will lead to local high temperature combustion and 

ring formation. Fine ore and coal ash in the kiln can fly together into the free space above the material 

layer. When the fine ore particles (which have been partially reduced) are exposed to free oxygen, 

they will give off a lot of heat by oxidization and form liquid phase to bond in the kiln wall. The 

preventive measures are reasonable distribution of air, avoid excessive local air, reduce air volume of 

the kiln body fan in high temperature area especially when it comes to the abnormal and temporary 

shutdown. 

 

Table 4. Analysis of typical composition of rings (wt%) 

component TiO2 TFe SiO2 Al2O3 CaO MgO 

Loose sample 45.91 20.49 19.72 7.21 1.45 0.52 

Compact sample 45.57 20.10 18.86 6.86 1.33 0.44 

 

6. Conclusion 

1) The process of reduced titanium from ilmenite is actually the process of reducing iron oxide to 

obtain another kind of basic raw materials for the next process. 

2) The resource endowment of ilmenite is mainly the high-quality ore imported from abroad, 

supplemented by domestic ilmenite resources. 

3) Although the technology of ilmenite treatment by rotary kiln is very mature and stable at present, 

it still needs to be optimized in process control to achieve the purpose of energy saving, consumption 

reduction and environmental friendliness. 
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