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摘 要 
 

I 

摘 要 

随着高品位含钛矿石资源的快速消耗，近年来低品位含钛矿石如钒钛磁

铁矿中的钛资源开发利用受到了广泛关注。但在传统高炉-转炉流程中，由于工

艺条件限制，只能利用铁钒资源，钛资源无法有效富集提取。直接还原-电炉熔

分两步法流程作为新一代非高炉冶炼工艺，被认为是实现钒钛磁铁矿铁钒钛资

源综合利用的有效方法。在现有直接还原设备中，相比竖炉、回转窑、转底炉，

流态化直接还原具有直接利用粉矿和传热传质效率高的优点，被认为是钒钛磁

铁矿的非高炉冶炼最有前景的方法。钒钛磁铁矿由于自身复杂矿相组成和含钛

铁氧化物特性，其直接还原过程相比较普通铁精矿也更为复杂，所需还原势高、

还原效率低。因此，如何突破含钛铁氧化物的直接还原热力学限制，并提高其

直接还原效率，是钒钛磁铁矿两步法流程的一个关键所在。 

本论文以南非某钒钛磁铁矿为实验对象，系统研究钒钛磁铁矿原矿气基

直接还原特性，考察了氧化预处理对还原过程物相结构以及流化特性的影响规

律。取得的主要研究结果如下： 

（1）钒钛磁铁矿气基直接还原过程物相转变规律研究。在 750-950 oC 范围

内，钒钛磁铁矿的直接还原过程按顺序可分为三个阶段，包括一般铁氧化物还

原（第一阶段），钛铁晶石还原（第二阶段）和钛铁矿还原（第三阶段）。直

接还原过程中 FeO 会与 FeO·TiO2 发生化合反应生成 2FeO·TiO2，大幅降低第一

阶段平衡金属化率 15.4 %。固溶杂质氧化物（如 MgO、MnO）会增加 FeO 还原

至金属铁的还原势要求。据此，探明了包含杂质氧化物在内的钒钛磁铁矿复杂

含钛铁氧化物物相转变路径，建立了实际还原势-平衡金属化率计算模型。 

（2）钒钛磁铁矿高温（825-950 oC）预氧化强化直接还原机制研究。通过

预氧化处理，可以实现钒钛磁铁矿中难还原的含钛铁氧化物钛铁晶石和钛铁矿

的解离，得到易还原的赤铁矿物相，进而提高直接还原过程反应效率约 10 %，

并可提高第一、二阶段平衡金属化率约 14.5 % 和 4.5 %。但在 900oC 以上氧化

时，由于铁氧化物产物晶粒尺寸增加，反应效率增加效果有所降低。同时由于

高温下 Fe2O3会与 TiO2发生化合反应生成 Fe2TiO5，因此高温预氧化平衡金属化
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率存在单峰最优值。据此，建立了钒钛磁铁矿预氧化强化含钛铁氧化物物相解

离-还原的转变路径，以及对应还原势-平衡金属化率计算模型。 

（3）钒钛磁铁矿低温（700-825 oC）预氧化强化直接还原机制研究。低于

800 oC 时，铁板钛矿化合反应会得到抑制，因此随着预氧化时间的延长，后续

还原过程平衡金属化率呈单调增加趋势，可超越高温预氧化所得金属化率最佳

值。当温度高于 800 oC 时，由于存在铁板钛矿化合反应与氧化产物自由赤铁矿

生成速率间的竞争关系，预氧化平衡金属化率存在双峰变化趋势。据此，建立

了完整的钒钛磁铁矿高低温预氧化强化含钛铁氧化物物相解离-还原的转变路径，

为钒钛磁铁矿直接还原工艺的优化设计和选择提供了理论支撑。 

（4）预氧化抑制粘结失流研究。在前述实验研究过程中发现，预氧化除可

强化钒钛磁铁矿直接还原外，还可提升其流化稳定性。研究发现预氧化处理改

变了钒钛磁铁矿颗粒表层铁氧化物赋存状态，从而改变后续还原过程表面金属

铁的形貌，进而影响颗粒的粘结性。绘制了预氧化稳定流化的区域图，分为易

失流区域（弱氧化条件）、稳定流化区域（中氧化条件）和不稳定流化区域

（强氧化条件）。即使是采用易失流区域预氧化参数，其流化性能也明显强于

原矿。经稳定流化区域预氧化处理后，在 900 oC 100 % CO 的直接还原条件下，

稳定流化气速与原矿相比大幅降低 56 %，为钒钛磁铁矿流态化直接还原过程防

失流开拓了新方法。 

关键词：钒钛磁铁矿，还原，氧化，流化床
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Abstract 

The utilization of low-grade minerals such as titanomagnetite (TTM) has gained 

more attention in recent years due to the rapid depletion of high-grade natural 

resources. However, due to the limitation of blast furnace operating condition in the 

modern blast furnace-converter process, only iron and vanadium resource can be 

utilized, titanium in TTM cannot be effectively enriched and extracted. The direct 

reduction-electric arc furnace (EAF) melting separation process, (the two-step 

short process), has been proposed as a more effective and promising approach for 

comprehensive utilization of the iron, vanadium, and titanium resources in TTM. 

The two-step process can be classified into the rotary kiln process, the rotary hearth 

furnace process, the shaft furnace process, and the fluidized bed direct reduction 

process according to the reduction reactor employed. By taking advantage of the high 

heat and mass transfer efficiency, and direct use of ore fines, the fluidized bed (FB) 

process exhibits a high potential to achieve high-efficient reduction of TTM. 

Compared with the direct reduction of common iron ores, the reduction of titania-

ferrous oxides in TTM ores requires a much higher reduction potential than ordinary 

iron oxides, resulting in a lower reduction efficiency and high product cost. Therefore, 

how to break through the thermodynamic limitations of titanium-containing iron oxides 

and to improve the reaction efficiency in the direct reduction process are the basic key 

problems that must be solved for efficient utilization of titanium resources in the TTM 

two-step short process. 

In the present thesis, TTM from South Africa was used as the experimental 

material to study the FB direct reduction characteristic of the TTM. The influence of 

the pre-oxidation on the reduction efficiency as well as the fluidization characteristic 

was systematically investigated. The main findings and conclusions of this thesis are as 

follows: 

(1) Characteristic research on the phase transformation of TTM by gas-phase 

direct reduction. In the temperature range of 750 - 950 oC, the direct reduction of TTM 

can be divided into three sequential steps: the reduction of ordinary iron oxides (the 
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first step), ulvospinel reduction (the second step) and ilmenite reduction (the third step). 

During the reduction process, FeO combines with FeO·TiO2 to form 2FeO·TiO2, which 

greatly reduces the equilibrium metallization degree of the first reduction step by about 

15.4 %. Also, solid solution impurity oxides (such as MgO, MnO) increase the required 

reducing gas potential for FeO to Fe reduction. Based on this, the phase transformation 

path of the impurity-containing titania-ferrous oxides in TTM and the corresponding 

quantitative model of the reduction potential-balance metallization degree have been 

built. 

(2) The mechanism of high temperature (825-950 oC) pre-oxidation on the 

improvement of TTM direct reduction. By oxidation pretreatment, the titania-ferrous 

oxides difficult to be reduced in TTM are dissociated to easily reducible free Fe2O3, 

resulting in about 10 % increase in the reduction efficiency. Additionally, the 

equilibrium metallization degree of the first and second reduction step can be relatively 

increased by 14.5 and 4.5 % respectively. However, when the peroxidation temperature 

is greater than 900 oC, the improvement effect on the reduction rate became weak, due 

to the high-temperature sintering and the larger crystallite size of the oxidation product. 

Also, Fe2O3 combines with TiO2 to form Fe2TiO5 which decreases the amount of free 

hematite available for reduction. Thus, the equilibrium metallization degree at high 

oxidation temperature has a single optimum value. Based on this, the transformation 

path of the pre-oxidation enhanced the titania-ferrous oxides dissociation-direct 

reduction and the corresponding quantitative model of the reduction potential-balance 

metallization degree have been developed. 

(3) The mechanism of low temperature (700-825 oC) pre-oxidation on the 

improvement of TTM direct reduction. At oxidation temperature < 800 oC, where the 

formation of pseudobrookite phase can be prevented, the equilibrium metallization 

degree increased linearly with the increase in the oxidation time and can exceed the 

optimum metallization degree obtained at high pre-oxidation temperature. Whereas, at 

the oxidation temperature ≥ 800 oC, there exist two peak values for the maximum effect 

of pre-oxidation on reduction improvement due to the competitive relationship between 
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the amount of generated pseudobrookite and the free hematite. Finally, the enhanced 

titania-ferrous oxides dissociation-direct reduction transformation path pre-oxidized 

both at the low and high temperatures, and the corresponding quantitative model of the 

reduction potential-balance metallization degree have been built, which provides a 

theoretical guide for the optimal design of the direct reduction process. 

(4) Research on preventing defluidization by peroxidation method. In the previous 

study, it was found that in addition to improving the reduction efficiency of TTM, pre-

oxidation can also improve the fluidization quality. It was found that peroxidation 

modifies the morphology of the as-reduced metallic iron on the particle surfaces, 

thereby changing the sticking behavior of the as-reduced particles. Based on the 

relationship between oxidation product morphology and the resultant iron morphology 

after reduction, the fluidization behavior of pre-oxidized SA TTM can be divided into 

three operating regions: defluidization (low oxidation condition), stable fluidization 

(intermediate oxidation condition), and unstable fluidization (high oxidation condition). 

Even at the defluidization region, the fluidization quality is significantly better than that 

of the raw ore. At the stable fluidization region, the steady state fluidization gas velocity 

was reduced by 56 % as compared with the raw concentrate under 100 % CO gas at 900 
oC. The peroxidation method provides a novel approach to suppressing defluidization 

via pre-oxidation treatments. 

Key Words: Titanomagnetite, Reduction, Oxidation, Fluidized Bed 
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Chapter 1 Introduction 
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CHAPTER 1 INTRODUCTION 

1.1  Titanium mineral usage and resource  

Titanium is recognized as a rare metal and important strategic material in the 

world. Their industrial development scale and level are one of the critical indicators of 

countries level of economic development. Titanium is ranked the ninth most abundant 

element in the earth's crust (~ 0.6 %) and the seventh most abundant metallic element 

(Chen and Liu, 2005; Rudnick and Gao, 2003; Zhu et al., 1999; Knittel, 1983; Minkler 

and Baroch, 1981). More than 80 % of titanium resources exploited are used for the 

production of TiO2 pigment (titanium white) (US Geological Survey, 2017), which has 

a high refractive index and is thus able to impart a durable white color to paint, paper, 

plastic, rubber, and wallboard.  

Most titanium reserves in the world are in the composite mineral deposits, and 

the most common titanium minerals and their chemical composition are listed in table 

1.1(Rhee and Sohn, 1990; Whitehead, 1983; Barksdale, 1966). Rutile (95 wt. % TiO2) 

and ilmenite (40-60 wt. %TiO2) are the main industrial minerals used in the extraction 

of titanium, with ilmenite supplying about 89 % of the world's demand for titanium 

minerals (US Geological Survey, 2017). However, with the depletion of these high-

grade rutile and ilmenite deposits, as a result of increasing world demand of 

titanium products, attention has been drawn toward the utilization of 

titanomagnetite (TTM) deposits as a source of titanium (Chen et al., 2011; Jena et 

al., 1995). About 91 % of titanium reserves are present in vanadium-titanomagnetite 

(Yang and Sheng, 2006). China alone has about (~10 billion tons) of vanadium-bearing 

titanomagnetite ore deposited in the Panxi region, which accounts for about 35 % of the 

world titanium reserves (Yang and Sheng, 2006; Du, 1996). However, TTM ores are 

difficult to be utilized, due to their low grade, fine mineral crystal size, complicated 

phase structure, and numerous mineral components (Hu et al., 2013; Du, 1996). In 

China, the recovery rate of iron, vanadium, and titanium in TTM is about 60-75 %, 45-

50 %, and 15-20 % respectively, which implies a low overall comprehensive utilization 

level of the valuable elements in TTM. Therefore how to attain a highly efficient and 

clean utilization of the TTM ores has become an important subject in recent years. Also, 
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achieving comprehensive utilization of the valuable elements in TTM is essential for 

sustainable development of the metallurgical industries. 

Table 1.1 Titanium minerals and their chemical composition   

Mineral Composition TiO2 content (wt. %) 

Rutile TiO2 (tetragonal, twinned) ~95 

Anatase TiO2 (tetragonal, near octahedral) ~95 

Brookite TiO2 (orthorhombic) ~95 

Ilmenite FeO·TiO2 40-60 

Leucoxene Fe2O3·nTiO2 >65 

Arizonite Fe2O3·nTiO2·mH2O -- 

Perovskite CaTiO3 -- 

Geikielite MgTiO3 -- 

Titanite or sphene CaTiSiO5 ~40 

Titaniferous magnetite (Fe·Ti)2O3 (TTM) 10-16 

 

1.2  Titanium resource utilization process overview  

Titanium is still regarded as a "rare metal" due to its complex smelting 

technology and small production scale (Zhang W et al., 2011). Titanium minerals are 

processed either to titanium dioxide or titanium metal. Currently, there are two main 

industrial methods to produce titanium oxides (Mackey, 1994): one is the sulfuric 

process involving the digestion of feedstocks in sulfuric acid, and the other is the 

chlorination process, which is based on chlorination of feedstocks in fluidized bed 

reactors. The two processes differ in both their chemistry and raw material requirements 

(Hamor, 1986). The sulfuric process is used to process lower grade titanium feedstocks 

such as titanium concentrate ore and low grade titanium slags, e.g. (72-85 wt. % TiO2). 

The chloride process requires higher grade feedstock such as rutile, synthetic rutile, and 

high-grade titanium slags, e.g. (TiO2 ≥ 90 wt. % with CaO+MgO < 1.5 wt. %). With 

the exhaustion of high-quality natural resources and environmental protection concerns, 

the usage ratio of the titanium slag in the manufacture has increased. The basic industry 

chains of titanium raw material utilization are shown in Fig. 1.1(Li and Wen, 2011). 
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Fig. 1.1 The basic industry chain of titanium raw material utilization (Li and Wen, 2011) 

For natural rutile, after a series of beneficiation processes, e.g., through gravity 

separation, electrostatic separation to remove nonconductive zircon minerals and 

magnetic separation to separate the magnetic ilmenite, the rutile concentrate containing 

about 95 wt. % TiO2 is used directly as the feed material for the chlorination process 

(Kahn, 1984). Another feed material for the chlorination process is synthetic rutile. 

Synthetic rutile is commercially produced using the Becher and Benilite processes, by 

removing iron from titanium concentrates, to produce synthetic rutile containing about 

92 wt. % TiO2, (Filippou and Hudon, 2009; Bracanin et al., 1980).  

For ilmenite ores, after the beneficiation process, the ilmenite concentrate is 

obtained. The ilmenite concentrate can also be obtained from the tailing of vanadium-

titanium magnetite ores. This generally involves low-intensity magnetic separation of 

vanadium-titanium magnetite ore to obtain TTM concentrates. The tailings of the 

separation are recovered, by a combined process of gravity separation, electrostatic 

separation, flotation separation, and magnetic separation, to obtain ilmenite 

concentrates. There are a number of commercialized processes to produce high-grade 
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titanium slags from ilmenite concentrate as feed for the chloride & sulfate processes. 

These processes involve a combination of thermal oxidation and reduction by roasting, 

leaching, and physical separation steps. Iron is converted to soluble ferrous or elemental 

forms by reduction at high temperatures, followed by acid leaching to obtain synthetic 

rutile (TiO2) products. The major titanium slag smelting technology using ilmenite ores 

are represented by the Quebec Iron and Titanium Corporation of Canada (QIT), 

Richards Bay Minerals of South Africa (RBM) and Tinfos Titan and Iron KS of Norway 

(TTI) (Steenkamp, 2003; Mukherjee, 1998) The process design is based on the 

characteristic of mineral resources. In the QIT and RBM process, a combination of 

oxidation roasting and magnetic separation is employed to reduce the non-ferrous 

impurities content of ilmenite before electric furnace smelting. QIT produces 

sulphatable low-grade titanium slag (TiO2 80 wt. %) which can be upgraded to the so-

called UGS (ultra-high grade) slag (TiO2 94-95 wt. %), through the oxidation roasting-

reduction roasting-acid leaching process. The RBM produces Ti slag with 85 wt. % 

TiO2, which can be used for both the sulfuric and chlorination process (Dong et al., 

2012; Zou, 2003; MacPherson, 1982). TTI, on the other hand, is the first to adopt the 

two-stage (pre-reduction and electric furnace smelting) process in titanium slag 

production. The ilmenite pellets were first pre-reduced in a rotary kiln to about 82-85% 

metallization, and the as-reduced metallic pellets are further reduced and smelted in an 

electric furnace. This process produces Ti slag of about 75 wt. % TiO2 suitable for the 

sulfate route (Zhou and Lei, 2009). 

1.3  Overview of titanomagnetite concentrate utilization technologies 

As stated above, the first stage in the utilization of low grade vanadium-titanium 

magnetite ores involves separation through low-intensity magnetic separation of iron 

and vanadium-titanium magnetite ore to obtain TTM concentrate. The tailings of the 

separation are recovered through further separation to obtain ilmenite concentrate. With 

the separation process, valuable elements such as iron, titanium, vanadium are 

selectively concentrated in the TTM and ilmenite concentrates. Taking the Panzhihua 

vanadium-titanium magnetite ore as an example, after the first separation process ~75 % 

of iron, ~82 % of vanadium and ~54 % of titanium enter into the iron ore concentrate, 

while in the second stage separation process ~50 % of iron and titanium in the tailing 

can be further recovered. The as-recovered ilmenite concentrate can be directly used by 
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the sulfate process to produce TiO2 pigment or can be smelted to produce a high 

titanium slag with an electric furnace as described previously. For the TTM concentrate, 

the current industrial utilization processes can be broadly divided into two categories: 

the blast furnace smelting process and the two-step process of direct reduction-electric 

furnace smelting separation (Zhou et al., 2012; Fu et al., 2011; Deng et al., 2007; Taylor 

et al., 2006; Wang et al., 1989). The status quos of the two processes will be briefly 

reviewed in the subsequent sections. 

1.3.1  Introduction of the blast furnace smelting process 

The blast furnace (BF) smelting process is a representative process for large-

scale utilization of the TTM concentrate and is also the primary process for recovery of 

iron and vanadium from TTM (Wang et al., 1989). The smelting plants adopting the 

process mainly includes Panzhihua Iron and Steel Company with a total iron production 

capacity of ~5 million tons/year, Chengde Iron and Steel Company of China with a total 

iron production capacity of ~ 4.2 million tons/year, and Nizhniy Tagil Iron and Steel 

Works (НТМК) of Russia with a total iron production capacity of ~ 4.9 million 

tons/year (Huang et al., 2012; Taylor et al., 2006). The basic process is as follows. After 

pelletizing or sintering, the TTM concentrates are fed together with coke into a blast 

furnace for smelting, in which iron oxides and vanadium oxides in the TTM 

concentrates are reduced into metallic iron and vanadium. Vanadium and iron are 

enriched in molten iron state at the bottom of the blast furnace, while the titanium 

components in the TTM concentrate are enriched in the blast furnace slag on the upper 

part of the vanadium-containing molten iron. Subsequently, the molten iron is fed into 

the converter to extract vanadium through blowing oxygen into the molten iron, after 

which most of the vanadium is transferred from the molten iron into the converter slag 

(vanadium slag). The semi-steel from the converter can then be further processed by 

standard steelmaking processes. Through this process, the recovery ratio of iron is about 

90 %, and the recovery rate of vanadium is 70-75 % (Liu et al., 2008; Zhang et al., 

2007). The flow sheet of the blast furnace process is shown in Fig. 1.2 (Zhang et al., 

2017). 
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Fig. 1.2 Flow sheet of the BF process for TTM (Zhang et al., 2017) 

The process of TTM smelting in a blast furnace can be generally divided into 

two steps. The first step is the gas-solid reduction process, in which the TTM descends 

in the blast furnace while in the meantime undergoing gas-solid reduction reactions 

with the countercurrent upstream CO. The iron oxides in the TTM are reduced to 

Fe2O3→Fe3O4→FeO in sequence. The second step is the liquid-solid phase reduction 

and iron-slag separation process. Here, the unreduced iron oxide and vanadium oxide 

during the gas-solid reduction, are eventually reduced to vanadium bearing molten iron 

in the molten bath at the bottom of the blast furnace, while other oxides in the TTM 

form a slag with flux agents, which floats on the molten iron to realize the separation 

of slag and molten iron. The main production problem is in the second step. Due to high 

temperature and high reduction potential, some TiO2 in the TTM will react with carbon 

and nitrogen in the coke and furnace gas to form high melting point TiC, TiN, Ti(C, N) 

in the blast furnace smelting process (equation 1.1 and 1.2).  

TiO2+3C=TiC+2CO  ∆Gθ=514130-333.55T                                              1.1 

2TiO2+4C+N2=2TiN+4CO  ∆Gθ=379189-257.54T                                   1.2 
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Thermodynamically, the temperatures of TiC and TiN formation are around 

1290 °C and 1199 °C, respectively, and the melting temperatures of TiC and TiN are 

about 3140 °C and 2950 °C, respectively. The hearth temperature meets their formation 

temperature but is much lower than their melting temperature, and the density of the 

titanium carbides and nitrides are similar to that of the slag. As a result, the titanium 

carbide and titanium nitrides are dispersed in the form of tiny particles in the slag, which 

dramatically increases the viscosity of the slag and significantly decreases liquidity 

(mobility). Moreover, the uncontrolled generation of titanium carbides and nitrides in 

the blast furnace slags can cause severe problems, like entrained iron, slag sediment in 

the furnace hearth, periodical “huge slag effusion” and “hot sticking” phenomena, and 

formation of foamed slag. These phenomena cause abnormal performance of the blast 

furnace and the breakdown of normal production procedures (Smirnov et al., 2001; Ma 

et al., 2000; Li et al., 1989; Qu, 1989; Wang et al., 1989; Zhou et al., 1989). 

To ensure smooth operation of the blast furnace, ordinary iron ores and slag 

fluxes have to be added, and the TiO2 content in blast furnace slag has to be controlled 

to less than 25 % (Du, 1996). Although this can solve the problem of blast furnace 

smelting of TTM, the titanium components in the slag are difficult to be further utilized 

due to the low TiO2 content. As a result, the titanium contained in the TTM concentrate 

cannot be utilized by the blast furnace process. Besides, the relatively long and complex 

processes result in relatively long production circle and high energy consumption, 

which degrades the attractiveness of the BF process in the field of comprehensive 

utilization of TTM. Furthermore, the depletion of coke further necessitates the 

development of alternative processes (Deng et al., 2007).  

1.3.2  Two step process of direct reduction-electric arc furnace (DR-EAF) 

smelting 

To solve the problem of titanium utilization caused by the BF process, 

researchers put forward a new process, the so called two-step process or non-blast 

furnace smelting. The direct reduction-electric furnace DR-EAF process also consists 

of multiple procedures such as direct reduction, electric furnace smelting process, 

converter smelting, and sodium roasting. Titanium in the TTM concentrate is 

concentrated in the titanium slag, which has a much greater TiO2 concentration as 

compared with those of the BF titanium slags. While iron and vanadium simultaneously 

enter into the vanadium-bearing molten iron after direct reduction followed by electric 
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furnace smelting. The vanadium-bearing molten iron is also subjected to several 

procedures such as converter smelting, sodium roasting, and water leaching to separate 

and recover iron and vanadium, which can be the same or similar to the BF vanadium 

extraction process. 

In the DR-EAF process, the "solid phase reduction" and the "melting 

separation" in the blast furnace are accomplished in two different reactors. Firstly, most 

of the iron oxides are reduced to metallic iron in a pre-reduction reactor, and then the 

final reduction and melting separation are completed in an electric furnace. The 

intermediate direct reduction product is called DRI (Direct Reduced Iron). The 

production index is defined by the metallization degree, i.e., the mass ratio of metallic 

iron (Fe0) to the total iron (Fe0+Fe2++Fe3+). Since the reduction and melting processes 

are performed separately, parameters such as temperature and reduction potential can 

be independently adjusted. Thus, TiO2 reduction in the melting separation process can 

be better controlled, and effectively avoid the generation of a large amount of Ti(C,N) 

and TixOy phases in the molten slag. Therefore it is not necessary to add ordinary ore 

and a large amount of slag fluxes like in the case of the blast furnace process. The final 

TiO2  content can reach 50-60 wt. % in the slag, so that the enrichment of titanium 

oxides can be achieved at the same time as the extraction of iron and vanadium, which 

creates a favorable condition for subsequent titanium upgrading and utilization (Sun et 

al., 2012b; Taylor et al., 2006). Compared with the traditional blast furnace process, the 

"two-step" smelting process does not need coke, so the construction of coke plants can 

be avoided. It is also known as the "short process” non-blast furnace iron-making 

process and recognized globally as the alternative process to utilize iron ores as 

compared with the BF process.  

In the current mainstream two-step process, the melting separation reactor in the 

second step is basically the same, so it is generally distinguished by the type of 

reduction reactor. The reduction reactor mainly includes rotary kiln, rotary hearth 

furnace, shaft furnace, and fluidized bed. Over the past few decades, the two-step non-

blast furnace iron making technology has developed substantially. The United States 

Nucor Energiron ZR Shaft Furnace and South Korea Pohang Finex Fluidized Bed 

technology, have been able to achieve the iron production capacity of 2.0 million 

tons/year per unit when ordinary iron ore is processed (Midrex, 2016). As early as in 

the 1970s and 1980s, the Chinese government has pushed to explore and study the shaft 

furnace, rotary kiln, and fluidized bed non-blast furnace smelting process, aiming at 
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comprehensive utilization of the Panzhihua TTM concentrate. In the same period, New 

Zealand Steel and South Africa Evraz Highveld Steel also developed the non-blast 

furnace smelting process of TTM concentrate. The related research, development 

history and technology status in the two-step process are as follows: 

1.3.2.1 Rotary kiln reduction-EAF smelting process 

The rotary kiln direct reduction process is currently the most mature coal-based 

direct reduced iron production process and accounted for about 17.5 % of the total 

world DRI production in 2017 (Midrex, 2018). The rotary kiln is a revolving horizontal 

cylinder comprising a shell with an internal refractory lining. 

In this process, lump iron ore or pellets, dolomite or limestone for sulfur 

absorption and pulverized solid coal for reduction and energy are fed into the rotating 

cylinder rotary kiln for solid-solid reduction at the about 950-1050°C Feeding of raw 

materials is done from kiln head which at a higher elevation. It travels under gravity 

aided by the rotating motion, through several heating zones, and the reduced charge 

comes out from the other end of the kiln. The coal-based direct reduction reactions 

represented by rotary kiln are generally considered to be divided into three steps 

(Chatterjee, 2014): (1) the iron oxide is initially reduced by the "solid-solid" reduction 

of carbon directly in contact with it, as can be formulated as FexOy+C=FexOy-1+CO; (2) 

further reduction of iron oxide occurs by CO as FexOy-1+(y-1)CO=xFe+(y-1)CO2; (3) 

the gasification reaction of carbon dioxide with carbon as C+CO2=2CO. The solids 

discharged from the rotary kiln are cooled, then screened and separated magnetically. 

DRI fines are then briquetted and used for subsequent smelting process (Dutta and Sah, 

2016; Chatterjee, 2014). 

The rotary kiln reduction-EAF smelting process of TTM concentrates to 

produce pig iron, and vanadium-rich slag was established in the 1960s by both South 

African Highveld and New Zealand Steel. The New Zealand Steel and South Africa 

Evraz Highveld realized the low-cost operation of rotary kiln pre-reduction-electric 

furnace smelting technology for TTM concentrates and has commercially been in 

operation for more than 40 years. Evraz Highveld carried out the pre-reduction process 

in 13 rotary kilns (Φ4×60m) and had a combined annual capacity of one million tons 

of iron (Tsweleng, 2013; Steinberg et al., 2011). However, at present, due to operational 

and financial problems, the production of the South African Evraz Highveld is stopped.  
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The New Zealand Steel founded in 1965 is the only steel company in the world 

using sea sand ores. In the New Zealand Steel production process, a mixture of TTM 

concentrate, coal and limestone are initially preheated in the multi-layer heat furnace to 

remove the moisture and volatile component. After preheating, the feed is added to the 

rotary kiln for direct reduction. The temperature in the rotary kiln (Φ4.6×65m) is 

~1100°C, and the discharge temperature is 900-1000 oC. The metallization degree of 

the final pre-reduced TTM concentrate is 80 %. But, in order to ensure smooth operation 

of the electric furnace smelting process, the New Zealand steels simply added a lot of 

slag modifier which causes the TiO2 mass fraction in the slag to fall to 33 wt. %. 

Consequently, titanium in the slag is not recovered. The aim was only to use iron and 

vanadium. The process flow chart is shown in Fig. 1.3. (Steinberg et al., 2011; Kelly, 

1993). 

In China Panzhihua iron and steel research institute began to investigate the 

rotary kiln-smelting process of TTM concentrate with the aim of extracting and utilizing 

titanium resources in 1977. By 1985, a Φ2×30m reduction rotary kiln was built in 

Xichang 410 plant, with a production capacity of 10000 ton/yr. A total of seven-month 

pilot test production was successfully carried out. The reduction temperature was 1000-

1050 oC, and the metallization degree of the as-reduce TTM concentrated was 65-75 %. 

The major difference, when compared with the New Zealand process, is that the slag 

modifiers were not added during the electric furnace smelting process which will further 

increase the TiO2 content in the slag. The TiO2 content in the pilot test slag was 55 

wt. %, and titanium in the slag can be recovered. Compared to the blast furnace and 

New Zealand Steel processes, the pilot test result achieved the comprehensive 

utilization of the iron, vanadium, and titanium in TTM concentrate, with a recovery rate 

of 69.89 %, 53 %, and 73.33 % respectively (Hu, 2013). However, the recovery rate of 

iron and vanadium significantly decreases when compared to the recovery rate of 91 % 

and 73 % for iron and vanadium in the blast furnace process. At the same time, due to 

the poor quality of the produce molten iron, coupled with the high overall process cost 

and poor economic competitiveness, it failed to continue operation (Wang et al., 2016; 

Wang, 2005). 

The various production practices also show that the rotary kiln reduction-

electric furnace smelting technology can be competitive as compared with the 

traditional blast furnace process. However, the maximum production capacity is very 

low, e.g., 200,000 ton of iron per year; as a result, multiple rotary kilns have to be 
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incorporated together (Chatterjee and Pandey, 2001). In the New Zealand steel process, 

to achieve an annual output of 600,000 tons of molten iron, four rotary kiln production 

lines were built. It is difficult to expand further and cannot meet the demand for large-

scale TTM concentrate. 

          

Fig. 1.3 Flow chart of the New Zealand Steel rotary kiln - electric furnace process (Steinberg et 

al., 2011; Kelly, 1993) 

1.3.2.2 Rotary hearth furnace reduction-EAF smelting process 

The rotary hearth furnace reduction process is a high temperature coal-based 

direct reduction process developed in recent years. It was pioneered by Inmecto in 1974 

and was initially developed as a process for treating waste dust from steel plants. By 

mid-1990s, the hearth furnace reduction process had developed for the production of 

direct reduced iron. such as the Fastmet and ITmk3 processes in American and Japan 

respectively (Wang et al., 2011; Miyagawa et al., 1998).  

The rotary hearth furnace consists of a flat, refractory hearth rotating inside a 

high temperature, circular tunnel kiln. The iron ore concentrate, coal powder, and binder 

are mixed and pressed into green pellets that are dried at about 120°C and fed to the 

rotary hearth furnace. The pellets are placed on the circular heart one to two layer. As 

the hearth rotates, the pellets are heated to 1300-1400°C by fuel burners firing into the 

freeboard above the hearth. The solid-solid reduction reactions occur quickly together 
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with gas phase reactions as mentioned previously. The reduction to metallic iron is 

completed in about 35 min depending on the materials, temperature and other factors. 

The DRI is discharged at approximately 1000°C and can be hot charged to an adjacent 

smelter, hot briquetted or cooled indirectly before storage or shipment (Chatterjee, 2014; 

Kekkonen and Holappa, 2000). Typical rotary heart equipment is shown in Fig. 1 4 

(Smith, 2009).  

In 2010, Pangang Group in China built a 100,000 ton/year pilot test plant for 

compressive utilization of TTM concentrate using the rotary hearth furnace direct 

reduction-EAF smelting and deep reduction process. TTM concentrate was reduced in 

the rotary heart at a temperature of 1350 oC for 20 min. The metallization degree of the 

reduced pellets was greater than 80 %. The subsequent EAF smelting process yielded a 

Ti-enriched slag with TiO2 content greater than 50 wt. % and with good acidolysis 

characteristic. The recovery rate Fe, V, and Ti reached 89 %, 45 %, and 72 % 

respectively, which shows that the process is feasible. Just as with the direct reduction 

process of the rotary kiln, the rotary hearth is also characterized by a low production 

capacity. The productivity of the rotary hearth furnace is often determined by the 

limited amount of heat transfer by radiation from the furnace atmosphere to the pellet 

bed. For this reason, the pellet layer on the hearth is thin (usually one or two layers), 

which will cause a large increase in the diameter of the rotary hearth furnace. To achieve 

an annual DRI out of 520,000 tons/year, the American Power Steel Corporation 

constructed a rotary hearth furnace with a diameter of 50 m. Also, the high operating 

temperature induces various problems like the sticking of the low melting point 

reduction material with the refractory material at the bottom of the hearth, adversely 

affecting the smooth operation of the process (Hong et al., 2007). At present, the 

industrial process of direct reduction TTM concentrate using the rotary hearth furnace 

has stopped developing. 



Chapter 1 Introduction 
 

13 
 

Raw materials 
warehouse

Grinding ball

Product warehouse

Pellet drying

Exchange gas 
treatment 

Heating burnerDirect reduce iron 
cool down

Rotary hearth 
furnace

 

Fig. 1.4 Flow chart of the rotary hearth furnace direct reduction process (Smith, 2009) 

1.3.2.3 Shaft furnace reduction-EAF smelting process 

The direct reduction process can be divided into coal-based (solid coal) direct 

reduction and gas-based (reducing gas) direct reduction by the reducing agent. In 2017 

the total world direct reduced iron production reached 87.1 million tons, of which the 

gas-based direct reduction process accounted for about 82.4 %. The shaft furnace is one 

of the main reactor for gas based direction reduction. At present, the DRI production 

capacity of a single shaft furnace can reach 2.5 million tons/year. (Nucor steel in 

Louisiana USA started production in 2013), which is equivalent to a 3200 m3 blast 

furnace (Midrex, 2018). Typical commercial shaft furnace direct reduction technology 

of ordinary iron ores is represented by the Midrex and Energiron process.  

In terms of the raw material used, the shaft furnace is the same as the coal-based 

direct reduction, only pellets or lump iron ores can be used. The lump ore or pellet is 

feed from the top of the furnace and moves downwards by the gravity force, during 

which they are subjected to preheating, reduction and cooling, while the reduction gas 

enters from the bottom of the furnace and flows upwards, during which the gas is 

subjected to preheating, reaction with the iron ore. The iron ore and reducing gas moves 

counter-currently to achieve good heat exchanging and reaction driving force. The gas-
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based direct reduction reaction is simple; iron oxides directly react with CO and H2 to 

form metallic iron as FexOy+yCO/H2=xFe+yCO2/H2O. The as-reduced iron ore 

concentrates are discharged from the bottom of the furnace through special-designed 

discharging equipment’s. The reducing gas used in shaft furnace processes is mainly 

obtained from natural gas reforming. The natural gas direct reduction technology has 

matured since the early 1970s. In recent year, with the development of the coal 

gasification technology, reducing gases from coal gasification has become more 

versatile. Midrex first commercially implemented the coal gas reduction technology 

known as MXCOL in 2009, and in 2014 (Jiang et al., 2013; Leu, 2011). The flow chart 

of the MXCOL shaft furnace direct reduction process is shown in Fig 1.5 (MXCOL, 

2014).  

Compared with the rotary kiln and the rotary hearth furnace, the shaft furnace 

has a relatively larger capacity and coal ash is not introduced in the reduction process 

which ensures a high TiO2 content in the subsequent molten slag. In China, the Beijing 

Iron and Steel Research Institute began to study the gas-based direct reduction of TTM 

using a 5 m3 shaft furnace in 1973. Firstly, TTM with an average grain size of about 

0.074 mm was made into pellets of about 10 mm. The pellets were then sintered to 

improve the strength and fed into a shaft furnace for reduction. The reduction was 

carried out with reformed natural gas (CO+H2> 90 %) at a temperature of 1050 oC. 

After reduction, the as-reduced pellet with metallization degree > 85 % were obtained. 

The high temperature (>1650 °C) melting separation of reduction pellets was completed 

in a 1.5-ton electric furnace and a titanium slag containing 0.2 wt. % of V2O5, 49 wt. % 

of TiO2 and 10 wt.% of FeO was obtained. The yield of iron, vanadium and titanium 

was > 95.9 %, > 85 % and > 99 3 % respectively (Chen et al., 1980). This shows that 

the two-step process of gas-based reduction with a shaft furnace is feasible. The 

problem of the process is that the reduction rate of the pellets is slow. In order to 

improve the efficiency of the gas reduction and produce reduced pellets with the 

metallization ratio of about 90 %, the operating temperature must be greater than above 

1100 °C. However, at such  high temperature, there will be severe sticking between 

pellets, which makes the discharge difficult and smooth operation impossible (Lu and 

Feng, 1980).  
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Fig. 1.5 Flow chart of the MXCOL coal gas-based shaft furnace direct reduction process 

(MXCOL, 2014) 

1.3.2.4 Fluidized bed reduction-EAF smelting process 

The fluidization is a method in which gas is passed through a granular solid 

from the bottom of a vessel to suspend the solid particles in the vessel, and a gas-solid 

phase treatment can be performed in fluidization state using fluidized beds. The 

representative fluidized bed, direct reduction processes, are the FIOR, FINMET and 

FINEX processes for ordinary iron ores  

The FIOR process developed by Esso Research and Engineering Company in 

the USA in 1962 was the first industrial application of fluidized bed in the direct 

reduction process. In this process, the reduction is achieved in four fluidized bed 

reactors, where the first is designed to pre-heat (700-800 oC) the ore, and the reduction 

is carried out progressively in the successive reactors (850 oC). The reducing gas is 

reformed natural gas and is introduced from the last reactor. The entire reduction takes 

place around 850 oC, and fine hot DRI is discharged at 650 oC. The FINMET process 

was jointly developed as an improvement to the FIOR process by FIOR de Venezuela 

and Voest Alpine (VAI) of Austria. The major difference compared to FIOR process is 

that the temperature of the pre-heating reactor (first reactor) is 550-570 oC and the 
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temperature of the last reactor is 780-800 oC. Also, the heat for preheating the ore is 

provided by the off-gas from the reducing reactors as opposed to natural gas used in 

FIOR process. These significantly improved the energy consumption in FINMET 

process (Chatterjee, 2010; Ahindra and Amit, 2008; Hillisch and Zirngast, 2001).  

The FINEX process was jointly developed by the POSCO and Siemens VAI 

and can be regarded as the grafting of the FINMENT direct reduction process and the 

COREX smelting process. In this process, fine iron concentrates are reduced in a series 

of four or three fluidize beds as described above to produce DRI. The DRI is charged 

as hot compacted iron (HCI) into the molten-gasifier where they are subsequently 

reduced to metallic iron and melted. The reducing gas is generated by gasification of 

non-coking coal with oxygen in the molten-gasifier and passed in reverse to the 

fluidized beds. The structural configuration of the FINEX FB reduction-smelting is 

shown in Fig. 1.6 (Primetals Technologies and Posco, 2015). The development of the 

FINEX process started in 1992, and the first commercial plant with a molten iron 

capacity of 1.5 million tons/ year was built in Pohang South Korea in 2004. By 2014, 

an industrial plant with a molten iron capacity of 2 million tons /year was put into 

operation in Pohang, South Korea.  

 

Iron ore powder
Fluidized bed reactor (3 in series)

Hot press block

Melting gasifier

Oxygen

CO2 
removal

Pulverized coal

Block

 
 

Fig. 1.6 Flow chart of the FINEX fluidized bed direct reduction process (Primetals Technologies 

and Posco, 2015) 
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These FB direct reduction technologies are all developed for ordinary iron ores. 

Up to the present, no commercial FB direct reduction technology was put in operation 

for TTM concentrates. The Institute of Process Engineering, Chinese Academy of 

Sciences began to study the fluidized reduction process of TTM concentrates in 1973. 

In 1978 a two-stage fluidized bed reduction test apparatus was built in Zaozhuang 

Fertilizer Plant for batch (1 ton per batch) processing Panzhihua TTM concentrates 

from the Taihe Mine and Hongge Mine. The high temperature melting separation of the 

reduction ore was completed in a 100 kg plasma furnace, and a titanium slag with 1.8 

wt. % of V2O5 and 50 wt. % of TiO2 was successfully obtained (Kwauk, 1979). 

Additionally, the surface area of TTM with a particle size of 0.074 mm is 135 times 

that of pellets with a diameter of 10 mm. Therefore the contact area of the gas reaction 

is significantly increased, and TTM fines can be quickly reduced at 850°C, e.g., 

metallization ratio of 89-94 % at 850 oC for 1h. Similar to the shaft furnace direct 

reduction of TTM, in the process of fluidization reduction, sticking of particles easily 

occurs during the fluidized bed reduction process, which causes defluidization. 

However, it was observed that by adding 3 % of MgO or MgCO3, the defluidization of 

the reduction process could be effectively prevented (Ouyang and Kwauk, 1981). 

In summary, the fluidized bed-smelting process of TTM has the following 

advantages and characteristics: 

(1) Ore fines can be used directly. The fluidized bed process can use iron ore fines in 

the range of 0-7 mm (Schenk, 2011). Therefore the pelletizing pretreatment of TTM 

is not required. Since the process of pelletizing and sintering is eliminated, the 

process flow is short. 

(2) The reduction efficiency is high. Due to the use of smaller-sized ore fines, the gas-

solid contact area in fluidized beds is high; and the movement of the particles can 

ensure the constant renewal of the gas-solid interface and accelerates the gas-solid 

mass and heat transfer in fluidized beds. Therefore, a high reduction efficiency can 

be achieved at low temperatures.  

The key index of the different direct reduction process is shown in table 1.2, and 

the flow chart of the TTM direct reduction-smelting two-step process is shown in Fig. 

1.7.  
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Table 1.2 Key index of the different direct reduction processes (Sun et al., 2018) 
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Fig.1. 7 Flow chart of the different direct reduction process of titanomagnetite concentrate 

In summary, there is currently a general lack of industrial maturity in the short-

process technology to realize the comprehensive utilization of TTM. Comparatively, 

the rotary kiln reduction-EAF smelting process realizes the industrialization application 

for several decades but fails to utilize titanium resources. From the perspective of mass 

production capacity, the fluidized bed and shaft furnace are evaluated as the most 

promising reduction reactors and, the fluidized bed has more advantages compared with 

the shaft furnace. The fluidized bed can directly use fine iron ore, while the shaft furnace 

needs to make fine ores into pellets with a certain strength, which increases the process 

complexity and energy consumption. In addition, the direct use of ore fines by fluidized 

beds is quite beneficial to obtain high reduction efficiency as compared with those of 
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shaft furnaces. Therefore, as the main attention shifts towards the comprehensive 

utilization of TTM ores, the fluidized bed reduction-smelting process has gained 

renewed interest.  

1.4  Key issue of titanomagnetite direct reduction process  

1.4.1  Composition of titanomagnetite and direct reduction characteristics 

TTM is a typical poly-metallic ore, and its chemical composition and phase 

constitutions are quite different from those of common iron ores. Iron, titanium, and 

vanadium are the three main valuable elements in TTM. And depending on the mining 

area, they may also include a small amount of other valuable elements like chromium, 

manganese, etc. and other gangue oxides. Table 1.3 shows the chemical composition of 

TTM concentrates from South African (SA), China (CH) and New Zealand (NZ) (Sun 

et al., 2016; Sun et al., 2013; Park and Ostrovski, 2003). 

Table 1.3 Chemical composition of different TTM concentrates (wt. %) 

Country TFe FeO Fe2O3 TiO2 SiO2 MgO Al2O3 V2O5 CaO MnO 

SA      55.86 15.00 63.19 13.71 2.21 1.16 3.18 1.57 0.12 0.26 

CH      55.54 32.16 42.18 10.77 3.81 3.72 3.54 0.67 0.39 0.40 

NZ     57.20 24.20 33.00 7.40 2.17 2.94 3.59 0.51 0.67 0.51 

 

Although TTM ores have many associated components, its main mineral 

composition is relatively stable. The industrial minerals mainly include titanomagnetite, 

ilmenite, hematite and various gangue oxides. The titanomagnetite (3(Fe3O4)·Fe2TiO4) 

is a composite mineral composed of magnetite and ulvospinel. The main crystalline 

mineral (Fe3O4) contains a small amount of V, Ni, Cr, Mg, Al and other elements 

existing in an isomorphous form. The associated crystalline minerals ulvospinel 

(2FeO·TiO2), ilmenite (FeO·TiO2) and magnesium aluminate spinel ((Mg, Fe)(Al, 

Fe)2O4) are distributed in the main crystalline mineral in micro-granular form or as 

tabular structure. The hematite (Fe2O3) phase may exist as micro-vein hematite, 

ultramicroscopic hematite and solid solution in ilmenite. From the perspective of the 

occurrence of the main valuable elements in the ore, iron mainly exists in the 

titanomagnetite phase, ilmenite phase and in some of the gangue minerals. The 

vanadium is uniformly distributed in the titanomagnetite phase, while the titanium is 
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primarily concentrated in granular ilmenite and titanomagnetite phases. (Xu et al., 2017; 

Jena et al., 1995). 

In the gas based direct reduction of iron ore, the common technological 

parameters affecting the reduction process are temperature, reduction atmosphere (CO, 

H2) and gas contents. Many researchers have studied the effect of these parameters on 

the reduction behavior of TTM. For temperature, the consensus in literatures is that 

both reduction rate and metallization ratio increase with increasing temperature (She et 

al., 2013; McAdam et al., 1969). She et al. (2013) investigated the effect of temperature 

on the reduction of TTM by 50 vol. % CO at 850 -1050 oC. The reduction degree 

increased with the linear increase in temperature from 60 % at 850 oC to 90 % at 1050 
oC after 120 min. With respect to the reduction atmosphere, it has been well established 

that the rate of the reduction by hydrogen is higher than that by carbon monoxide, 

mainly due to the high reduction potential and high diffusivity of hydrogen. Park et al. 

(2004) examined the reduction of TTM by hydrogen as well as carbon monoxide, it was 

observed that the reduction rate at 900 oC by 25 vol. % H2-Ar gas mixture was 

comparable to the rate at 1100 oC by 70 vol. % CO-Ar gas mixture. For gas content, 

Sun et al. (2013) examined the effect of hydrogen content on the reduction of NZ TTM 

at 900 oC with 15-100 vol. % H2-Ar gas. The reduction rate was observed to increase 

linearly with increasing the hydrogen content. However, at ≥ 75 vol. % H2, the gas 

content increase has a small effect on the reduction rate. The basic pattern of these 

technological parameters on TTM reduction is the same as those of convention iron 

ores such as hematite or magnetite. However, the TTM reduction rate is significantly 

slower than that of conventional iron ores (Park and Ostrovski, 2003; McAdam et al., 

1969). Park and Ostrovski (2003), investigated the reduction of hematite, magnetite, 

and TTM by 75 vol. % CO-Ar gas mixture at 1100 oC. The complete reduction of the 

hematite and magnetite ores required ~ 25 and 30 min respectively, while the complete 

reduction of TTM required about 60 min. Most researchers suggested that the slow 

reduction can be attributed to the complex phase composition and impurity oxides in 

TTM. 

Many studies have been carried out on phase transformation during the 

reduction of titania-ferrous iron ores. As previously mentioned, TTM concentrates 

mainly consist of hematite, ilmenite and titanomagnetite phases. For the hematite phase, 

as the common iron concentrate, the reduction phase transformation at T > 570 oC Fe2O3 

→ Fe3O4 → FeO → Fe, (Rao, 1979). While the phase transformation during the 
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reduction of ilmenite phase, as the common titanium iron concentrate, is as follows: 

FeTiO3→FeTi2O5→Fe+TiO2 (Gupta et al., 1989; Jones, 1975). The reduction phase 

transformation for titanomagnetite is more complex (Sun et al., 2013; Park et al., 2004; 

Park and Ostrovski, 2003). At the equilibrium state, it is mostly considered as Fe3-

xTixO4→FeO+Fe2TiO4→Fe+Fe2TiO4→Fe+FeTiO3→ Fe+FeTi2O5→Fe+TiO2 (Itoh et 

al., 1998). The reduction phase transformation includes the formation of intermediate 

Ti-containing phases such as ülvospinel (Fe2TiO4), ilmenite (FeTiO3) and ferrous-

pseudobrookite (FeTi2O5). However, Jones (1975) found that the formation of the 

ferrous pseudobrookite phase strongly was dependent on the reduction temperature. At 

temperature ≤ 1150 oC the ilmenite phase is reduced to rutile and metallic iron. While 

at temperature ≥ 1150 oC the reduction of ilmenite phase proceeds with the formation 

of the intermediate ferrous pseudobrookite phase, which is in turn reduced to metallic 

iron and rutile. The occurrence of the intermediate ferrous-pseudobrookite phase at a 

temperature < 1150 oC was reported to be due to the presence of the solid solution 

impurity which stabilized the pseudobrookite structure (Liu et al., 2014; Gupta et al., 

1989). The rate controlling step during the reduction of TTM was suggested to be the 

reduction of TTM to wustite (TTM → FeO + Ulvospinel) (Park and Ostrovski, 2003). 

Although the phase transition during the reduction of TTM has been studied by many 

researchers, the above TTM equilibrium reduction path only applies to the condition 

where the starting material phase is a single titanomagnetite (Fe3-xTixO4) and does not 

consider the real composition of the composite TTM (composed of Fe3-xTixO4, FeTiO3, 

and FexOy phases). Additionally, the interaction of different phases present in the real 

composite TTM on the reduction pathway has not been clarified yet. Meanwhile, 

previous studies mainly focused on reduction under different reducing gases, and rarely 

studied the reduction under different reduction potentials. Since actual industrial gas-

based direct reduction processes use reducing gases from natural gas reforming or coal 

gasification, with different amount of oxidizing components “H2O & CO2”, i.e., the 

reduction potential (CO+H2)/ (CO+CO2+H2+H2O) which would have significant effect 

on the reduction process. It is necessary to study the ore phase transformation path and 

resultant metallization ratio for the actual composition of TTM under the different 

reduction potential.  

As mention above, the reduction phase transition of TTM involves both the 

reduction of conventional iron oxide and titanium-containing iron oxides. The most 
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difficult reduction reactions for the conventional iron oxide and the titanium-containing 

iron oxide are shown in equations (1.3) and (1.4).  

FeO+CO=Fe+CO2 ∆Gθ
850°C=7.329kJ/molKp-850°C=0.46                      (1.3) 

FeO·TiO2+CO=Fe+TiO2+CO2 ∆Gθ
850°C=27.174 kJ/mol Kp-850°C=0.05             (1.4) 

At 850 oC the reduction of FeO to metallic iron only require an equilibrium CO 

concentration of about 68 %, i.e., the theoretical thermodynamic conversion ratio of CO 

is ~ 32 %. However, when FeO·TiO2 is reduced to metallic iron, the required 

equilibrium CO concentration sharply increases to 95 %, i.e., the theoretical 

thermodynamic conversion ratio of CO is only ~5 %. Considering that it is very difficult 

to reach the thermodynamic equilibrium in actual processes, the CO gas utilization ratio 

in the corresponding process will be even lower. This will reduce the efficiency of the 

reduction process, and directly increases the reduction cost. This is one of the main 

reason why TTM is more difficult to be reduced as compared with ordinary iron ore 

concentrates. The equilibrium gas composition versus temperature for main reactions 

occurred during the reduction of TTM concentrates is shown in Fig 1.8 (Hu et al., 2013). 
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Fig. 1.8 Relationship between CO equilibrium concentration with the balance gas CO2 and 

temperature in the reduction of iron oxides in TTM (Hu et al., 2013)  

Another factor that significantly affects the reduction of TTM is the impurity 

oxides. The effect of the impurity oxide on the reduction of titania-ferrous ores has also 

been studied by a number of researchers (Wang and Yuan, 2006; Merk and Pickles, 

1988). The impurity oxides like Mn2+, Al3+, Mg2+ etc., have been reported to retard the 

reduction process of titania-ferrous oxides significantly. Merk and Pickles (1988), 

found that the impurity oxides not only reduce the reduction rate but also reduces the 

final extent of reduction. According to (Gupta et al., 1989) during the reduction process, 

the impurity oxide can stabilize the pseudobrookite structure. Since iron oxide activity 

is low in the pseudobrookite phase, further reduction becomes difficult and the final 

extent of reduction is reduced. The influence of impurity oxides on the reduction can 

be explained by the barrier effect. According to thermodynamic data of TTM 

concentrate reduction, the magnesium solid solution in TTM cannot be reduced to 

magnesium oxide or magnesium metal, and magnesium cannot enter solid solution in 

titanium oxide (Wang and Yuan, 2006; Merk and Pickles, 1988). During the reduction 
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of TTM, the magnesium concentration at the reduction interface is increased in TTM 

concentrate as a result of the replacement of Fe2+ by Mg2+. This lowers the 

thermodynamic activity of Fe2+, making its reduction more difficult. Similarly, 

manganese and aluminum oxides have the same effect on the reduction kinetics as 

magnesium (Gupta et al., 1987). However, magnesium and manganese oxide have a 

larger effect on the reduction kinetics than aluminum oxide (Gupta et al., 1989). The 

suggested explanation was that magnesium and manganese oxides form a more stable 

solid solution with iron oxides (Wang and Yuan, 2006). Although many studies have 

been performed, only qualitative explanation has been obtained on the effect of the 

impurity oxides on the reduction rate. The quantitative effect of the impurity oxides on 

the final reduction metallization at different reduction potential has not yet been 

investigated. 

Overcoming the thermodynamic limitations of titanium-containing iron oxides 

in TTM is one of the critical steps to improve its reduction efficiency. It is well known 

that the reducibility of magnetite can be greatly improved by pre-oxidation to hematite. 

This is explained by the volume increase of about 25 % in the transformation of 

magnetite to hematite, due to the rearrangement from the face-centered cubic structure 

to the close-packed hexagonal structure, which opens up the structure and facilitates the 

reduction (Edstrom and Bitsianes, 1955). The effect of oxidation pretreatment on the 

reduction of titania-ferrous iron ore has also been studied by a lot of researchers (Liu et 

al., 2014; Park and Ostrovski, 2004b, a; Vijay et al., 1996; Merk and Pickles, 1988). 

However, the effect of the pre-oxidation on reduction is not consensus in literature. Park 

and Ostrovski (2004a) reported that pre-oxidation of TTM increased its reducibility, 

which was attributed to the structural transformation of spinel cubic to rhombohedral 

titanohematite during the oxidation process. Chen et al.(2011) reported that pre-

oxidation destroyed the crystal lattice of the TTM concentrate and formed pores in the 

particle which accelerated the reduction process. However, Liu et al.(2014) reported 

that even with the destruction of the dense structure of TTM as a result of pre-oxidation, 

the reduction process was not accelerated due to the formation of the pseudobrookite 

phase. Pan et al. (2017) suggested that the generation of the pseudobrookite phase was 

unfavorable for subsequent reduction. However, when the oxidation time was 

prolonged for 2 hours at 950 oC the exsolution of MgO resulted in the formation of 

bigger pores, which accelerates the reduction process. The mechanism of pre-oxidation 

on TTM reduction is not clear. The effect of different oxidation parameters such as 
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oxidation degree, oxidation phase and oxidation morphology on the subsequent 

reduction of TTM has not yet been clarified. Additionally, previous studies mainly 

focused on increasing reaction efficiency, while effect of pre-oxidation on the reduction 

metallization degree was rarely studied, and no quantitative calculation has been 

reported. Thus, understanding the relationship between the oxidation degree, and the 

final reduction metallization degree obtainable at different reduction potentials is 

essential.  

1.4.2  The defluidization problem during FB reduction  

In actual industrial operation, the major limitation of fluidized bed reduction 

processed is defluidization. The defluidization phenomenon refers to severe 

agglomeration of the as-reduced iron ore particles that causes partial or full loss of bed 

flow, resulting in forced termination of the fluidization operation (Mikami et al., 1996). 

Previous studies (Langston and Stephens, 1960) developed the concept of sticking 

tendency to describe the probability of particles to stick together when they collide as: 

p k
t

p

S A
S f

m
 ⋅

=   
 

                                                             (1.5) 

Where tS is the sticking tendency, pS is the particle surface adhesion, kA is the 

particle contact area at the collision, and pm  is the particle momentum. It can be seen 

that the tendency of sticking is directly proportional to the adhesive properties of the 

particle (adhesive force) and the area of contact, and inversely proportional to the 

momentum of the particles. The concept of sticking tendency can qualitatively explain 

the degree of defluidization. Using the above parameters as a basic reference, 

researchers have found that there are many factors affecting the sticking tendency and 

fluidity of iron ore fines in the direct reduction process. The main factors are as follows.  

(1) Operating temperature. Sticking tendency is strongly dependent on the operating 

temperature. When the temperature is lower than the defluidization temperature, the 

sticking phenomenon is not observed. This is because the particles are less viscous 

at low temperature and less likely to form stable agglomerates. At temperatures 

higher than the defluidization temperature, the higher the temperature, the shorter 

the defluidization time (Komatina and Gudenau, 2004). 

(2) Metallization degree. Sticking occurs at high metallization ratio. The more the 

metallic iron precipitated on the surface of the particles, the higher the probability 
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of particles sticking together during the collision, and the higher the sticking 

tendency (Hayashi and Iguchi, 1992).  

(3) The particle size of iron ore fines. The effect of particle size on the sticking tendency 

is mainly due to the influence of the particle size on the momentum in the fluidized 

state. Experimental statistics show that when the particle size is less than 100 μm, 

the effect is more pronounced (Zhong et al., 2012). 

(4) Reducing gas composition. In general, under high H2 concentration, the surface of 

the particles is mostly reduced to produce metallic iron with a porous structure and 

a relatively smooth morphology. While under high CO concentration, the surface 

of the particle is mostly reduced to metallic iron with whisker morphologies, thus 

increasing the tendency of sticking (Gong et al., 2014). 

(5) Reducing gas velocity. The increase in the fluidization gas velocity will increase the 

momentum of the particle which can often prolong the fluidization time and 

increases the temperature at which defluidization occurs. It can be seen that the 

sticking tendency is inversely proportional to the momentum of the particles. 

(6) Particle shape and gangue content. The greater the contact area, the greater the 

sticking tendency. According to Hayashi and Iguchi (1992) the sticking tendency 

of different particle shapes is angular ore fines > rectangular ore fines > spherical 

ore fines. In general, the higher the gangue content, the less likely defluidization 

occurs. This is because the content of iron on the surface is relatively small when 

the content of ore gangue is high.  

Up to the present, the mainstream method for suppressing defluidization during 

the fluidized reduction ordinary iron ores can be divided into two categories. One is to 

reduce particle adhesion by decreasing the reduction temperature, adding inert materials, 

coating carbon on particle surfaces, and regulating iron morphology. The other is to 

increase the crushing force by exerting external field force, increasing particle size via 

granulation, optimizing FB structure and increasing operating gas velocity (Du et al., 

2016; Lei et al., 2014; Zhong et al., 2013; Zhu et al., 2013; Gransden et al., 1970).  

For temperature, controlling the reduction temperature below the sticking 

temperature can effectively maintain good fluidization (Gransden et al., 1970). 

However, the reduction time will be significantly extended and production efficiency 

will be reduced. The addition of inert material such as MgO and CaO can act as a barrier 

to prevent iron- iron contact, thus preventing defluidization (Guo et al., 2015). But, the 

addition of inert material will further increase the impurity oxide content and lower the 
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TiO2 content in the resulting slag. Carbon coating can also act as a barrier to prevent 

sticking of metallic iron, without the introduction of other impurity oxides (Lei et al., 

2016). However, the major limitation is how to balance the amount of carbon required 

to achieve stable fluidization and the amount of carbon needed in the subsequent 

electric furnace smelting process. With respect to the reduction atmosphere, the current 

mainstream view is that whisker formation is favorable under CO atmosphere, and the 

use of hydrogen-rich reducing gas can suppress the generation of iron whiskers (Du et 

al., 2016; Matthew et al., 1990; Gudenau et al., 1989). But practical processes often use 

reducing gases from reformed natural gas, coal gasification, etc. which contains a large 

amount of CO. Thus, the probability of whisker formation in the industrial process is 

high. 

With respect to increasing the crushing force, the granulation method is a way 

of controlling the particle diameter in fluidized beds (by granulating fine particles into 

coarse-grained particles), thereby improving the collision force and thus the fluidization 

quality (Li et al., 2015). But, the technical difficulty is how to control the size of the 

agglomerates, because once the agglomerates grow excessively, the defluiduzation 

cannot be avoided. The addition of external field force such as sound field, magnetic 

field, and vibration has been found to improve gas-solid contact, breakup agglomerate 

and prolong the fluidization time (Guo et al., 2006; Valverde and Castellanos, 2006). 

However, due to the high equipment cost, and complexity in the operation process, it is 

difficult for large scale TTM industrialization. Also, the increase in gas velocity can 

increase the momentum of the particles, thus increasing the breaking force during 

fluidization. But, the increase in the gas velocity has a narrow range due to the 

entrainment of the fine particles (Chung et al., 1998; Hamada, 1965). Additionally, 

according to Lei et al (2014), the increase in gas velocity in a bubbling fluidized can 

only delay the occurrence of defluidization but cannot eliminate defluidization. Due to 

the limitations of the current mainstream methods, it is necessary to explore new 

methods of suppressing defluidization during the FB reduction of TTM concentrates. 

In summary, TTM has a lower grade of iron (TFe < 56 wt. %), and much more 

complex in composition. Knowledge obtained from ordinary FB direct reduction is 

surely insufficient for FB direct reduction of TTM. It is therefore quite necessary to 

improve further the reduction efficiency through systematical investigation of the 

reduction mechanism, as well as to reduce the tendency of defluidization through the 

development of novel intensification methods.  
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1.5  Research plan 

As mention above, due to the complex composition of TTM, its iron oxide 

reduction process is very difficult, involving the reduction of a multi-phase component. 

However, the interaction of different phases in a real TTM on the reduction pathway 

has not yet been fully clarified. By pre-oxidation, the reduction efficiency of TTM can 

be improved but the mechanism of pre-oxidation on the reduction of TTM has not yet 

been fully clarified. Several methods of preventing defluidization have been developed, 

but these methods cannot fully satisfy TTM direct reduction. To address these problems, 

fundamental study will be carried out on the gas-solid reduction of titanomagnetite 

concentrate in a fluidized bed, to clarify the effect of pre-oxidation degree on the 

reduction and their associated phase transformation. The relationship between the 

reduction potential and the phase transformation will be systematically investigated.  A 

new method has been developed to improve the fluidization quality during the reduction 

of TTM. The specific research content of this thesis is as follows: 

(1) Direct reduction behaviors of SA TTM reduced by carbon monoxide (Chapter 2) 

The phase transformation in the isothermal equilibrium and non-equilibrium 

reduction of SA TTM by CO, and the effects of original impurity oxides, such as MgO 

and MnO, on the reduction process was investigated. Ultimately, the relationship 

between the metallization degree and the equilibrium CO-CO2 gas reduction potential 

was analyzed and established, with the impurities effect and the phase transformation 

taken into consideration.  

(2) Effects of high-temperature pre-oxidation on the titanomagnetite concentrate 

structure and reduction behavior (Chapter 3) 

The behavior of high temperature (825-950 oC) oxidation, on the phase 

transformations of titania-ferrous oxides, and its effect on subsequent reduction was 

investigated. In addition, by analyzing the intrinsic effect of pre-oxidation degree on 

the reduction and their associated phase reaction transformation, the relationship 

between the metallization degree and the equilibrium CO-CO2 gas reduction potential 

after pre-oxidation was established. 

(3) Effect of low-temperature pre-oxidation on the SA TTM structure and reduction 

behavior (Chapter 4) 

To optimize the peroxidation effect on the reduction, the effect of low 

temperature (≤ 825 oC) oxidation on the phase transformations of titania-ferrous oxides 
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was investigated. Also, by experimental and theoretical analyses, the interrelationship 

between oxidation phase (with and without the generation of the pseudobrookite 

phase), the metallization degree, and the equilibrium CO-CO2 gas reduction potential 

was established. 

(4) Effect of pre-oxidation on the fluidization behavior of SA TTM (Chapter 5) 

The fluidization behavior of samples pre-oxidized at 750-950 oC and reduced 

under CO atmosphere was investigated. By analyzing the relationship between the 

oxidation effects on the microstructural evolution of the as-reduced samples, a new 

method for suppressing defluidization was developed.  
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CHAPTER 2 DIRECT REDUCTION BEHAVIORS OF 

TITANOMAGNETITE CONCENTRATE BY CARBON 

MONOXIDE 

2.1 Introduction  

TTM concentrates mainly consist of the hematite, ilmenite and titanomagnetite 

phases. For the hematite phase, as the common iron concentrate, the reduction phase 

transformation at T > 570 oC is as follows: Fe2O3 → Fe3O4 → FeO → Fe, (Rao, 1979). 

While the phase transformation during the reduction of the ilmenite phase, as the 

common titanium iron concentrate, is as follows: FeTiO3→FeTi2O5→Fe+TiO2 (Gupta 

et al., 1989; Jones, 1975). The reduction phase transformation of titanomagnetite is 

more complex and has been studied by many researchers (Sun et al., 2013; Park et al., 

2004; Park and Ostrovski, 2003). It was reported that the reduction phase 

transformation includes the formation of intermediate Ti-containing phases such as 

ülvospinel (Fe2TiO4), ilmenite (FeTiO3) and ferrous-pseudobrookite (FeTi2O5). At the 

equilibrium state, the reduction of TTM in the Fe-Ti-O system was mostly considered 

asfollows:Fe3xTixO4→FeO+Fe2TiO4→Fe+Fe2TiO4→Fe+FeTiO3→Fe+FeTi2O5→ 

Fe+TiO2 (Itoh et al., 1998).  

However, the above general reduction pathway only applies to the condition 

where the starting material phase is a single titanomagnetite (Fe3-xTixO4) and does not 

consider the actual composition of the titanomagnetite composite composed of Fe3-

xTixO4, FeTiO3, and FexOy phases and also does not consider the effect of the impurity 

oxides like CaO, MgO, Al2O3, etc. The interaction of different phases in a real TTM on 

the reduction pathway has not yet been fully clarified. Moreover, previous studies 

mainly focused on reduction under different kinds of reducing gases, and rarely studied 

the reduction under different reduction potential. Since a real industrial gas-based direct 

reduction process uses reduction gases from natural gas reforming or coal gasification, 

with different amount of oxidizing components “H2O & CO2”, i.e., the reduction 

potential (CO+H2)/(CO+CO2+H2+H2O) is less than 100 %. It is necessary to study the 

ore phase transformation path for the actual composition of titanomagnetite under a 
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wide range of reduction potential conditions, which is quite important information for 

real TTM direct reduction process design.  

Thus, this chapter primarily focuses on investigating the phase transformation 

in the isothermal equilibrium and non-equilibrium reduction of SA TTM by CO gas, 

and the effect of impurity oxides, such as MgO and MnO, on the reduction process was 

also investigated. Ultimately, the relationship between the metallization degree and the 

equilibrium CO-CO2 gas reduction potential has been analyzed and established, with 

the impurity effect and the phase transformation taken into consideration, which can 

provide the basic knowledge for industrial applications.  

2.2 Experimental 

2.2.1 Experimental material 

The TTM fine ore used in this study is a South African titanomagnetite 

concentrate (SA TTM), and the chemical composition is given in table 2.1, as measured 

by XRF (7602EA, PANAnlytical, the Netherlands). The main crystalline phases of the 

SA TTM raw ore are titanomagnetite (Fe3-xTixO4), ilmenite (FeTiO3) and hematite 

(Fe2O3), as shown by the XRD (X’ Pert MPD Pro; PANAlytical, Almelo, the 

Netherlands) patterns in Fig. 2.1(a). While the particle cross-section (Fig. 2.1(b)) and 

EPMA (JXA 8230, JOEL, Japan) analysis results (table 2.2) show that the raw ore is 

characterized by a complex and non-homogeneous internal structure with a bi-phase 

microstructure. One is the magnesia-alumina spinel (MgAl2O4) with a high aluminum 

atom ratio [Al]/ [Mg] = 2.27 (point 1), as shown by the black needle-like structure in 

Fig. 2.1(b). The other is the bright TTM main phase shown by point 2 in Fig. 2.1 (b). 

The ore fines are characterized by angular to sub-angular shape, dense surface 

morphology and well-defined boundaries as shown in Fig. 2.1(c). The CO, N2, and CO2 

gases used for the reduction are all with 99.99 % purity. All the gases were supplied by 

Beijing Beiwen Gas Chemical Industry Co. Ltd., China. 
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Table 2.1 Chemical composition of SA TTM raw ore (wt. %) 

TFe FeO Fe2O3 TiO2 SiO2 MgO Al2O3 V2O5 CaO MnO 

55.86 15.00 63.19 13.71 1.81 1.16 3.18 1.57 0.12 0.26 

 

  

 

Fig. 2.1 SA TTM phase and microstructure, (a) XRD pattern, (b) cross-sectional microstructure of 

a SA TTM particle and (c) SEM image of particles and particle surface  

Table 2.2 TTM composition as determined by EPMA analyses with locations shown in Fig. 2.1(b) 

(atom %) 

Point no. O Fe Mg Al Si Ti V Mn 

1 57.13 5.12 10.67 24.18 0.56 1.57 0.72 0.05 

2 58.00 33.12 0.63 1.02 0.70 5.68 0.80 0.05 

 

(c) 

(a) 
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2.2.2 Experimental technique 

The SA TTM raw concentrate with a primary particle size between 120-140 

mesh (average size of 0.115 mm) was dried for 6 hours at 110 oC. 10 g of the SA TTM 

raw powder were used for each reduction experiment. The experimental apparatus is 

shown in Fig. 2.2. The cylinder reactor was made of a quartz tube with an inner diameter 

of 15 mm. The bed temperature was controlled by a PID controller with a thermocouple 

close to the outside wall of the reactor and another thermocouple was inserted into the 

fluidized bed to monitor the real temperature of the fluidized ore fines. The gas flow 

rate and the pressure drop across the bed were monitored by a digital mass flow 

controller and a pressure transmitter to ensure a stable fluidized state. Before starting 

each experiment, the reactor was first purged by pure N2 gas (99.99 % purity) at the 

expected temperature to reduce the concentration of oxygen in the reactor. Then the 

sample was poured into the reactor and kept a good fluidization state by pure N2 with a 

2 NL/min flow. When the temperature reaches a steady state, the fluidizing gas was 

switched to the reduction gas mixture with a specified gas flow rate and a specified 

composition (CO, N2, CO2 gas). After the experiment, the fluidizing gas was switched 

back to the pure N2 gas with the same flow rate. Then the reactor was taken out of the 

furnace and was cooled to ambient temperature by direct water spraying on the outer 

surface of the reactor. Then the reduced samples were transferred into a seal zipper 

sample bag full of N2 gas to prevent oxidation before subsequent analyses. 

 

 

Fig. 2.2 Schematic diagram of the fluidized bed system 
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2.2.3 Sample characterization  

The metallization degree (MD, η) of each reduced sample was calculated by the 

following formula: 
0(MFe / TFe) 100%η = ×                                                       (2.1) 

Where MFe0 is the weight of metallic iron after reduction, TFe is the weight of total 

iron after reduction. The divalent iron, the total iron, and metallic iron weight contents 

were determined by the chemical titrimetric method (Standard, 1987).  

The phase in a SA TTM sample was characterized by XRD (X’ Pert MPD Pro; 

PANalytical, Almelo, the Netherlands) with Cu Ka radiation (k = 1.5408 Å) and the 

diffraction peaks were recorded in the 2θ range of 1-90o. Before the XRD 

characterization, all the samples were ground to fine powders. 

The surface and cross-section of a sample were examined by field emission 

scanning electron microscopy (SEM, JSM-7001F, JOEL, Japan). To view the cross-

section structure fine particles were embedded into epoxy and the as-embedded samples 

were ground and polished with successively finer diamond pastes. Before observation, 

the surface of the as-polished sample was coated with gold via a sputtering equipment 

to ensure good electric conductivity. An electron probe micro-analyzer (EPMA, JXA 

8230, Japan) was used to acquire the quantitative composition of the elemental 

distribution, and the EPMA measurement conditions were as follows: an accelerating 

voltage of 20 kV, a beam current of 10-8 A and probe diameter of 1μm.  

2.3 Results and discussion  

2.3.1 Reduction of the SA TTM under CO atmosphere 

The metallization degree (MD) of the SA TTM concentrates reduced by the 50 

vol. % CO-N2 gas mixture as a function of reduction time at 750 - 950 oC is shown in 

Fig. 2.3, while the effect of the CO gas content on the metallization degree at 850 oC is 

shown in Fig. 2.4. From these figures, it can be observed that the increase in temperature 

and CO gas content has a significant effect on the reduction process and the resultant 

MD. Within the reduction temperate range, the effect of temperature on the MD showed 

a similar trend, i.e., the reduction metallization degree increases very rapidly within the 

initial 60 min, followed by a more gradual increase with further increasing the reduction 

time. The MD increases from 69 % at 750 oC to 88 % at 950 oC for 60 min reduction. 
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Moreover, the MD increases further to 93 % at 950 oC for 120 min. The similar near-

parabolic behavior was also observed for the variation of the CO concentration, where 

a rapid increase of MD was recorded in the initial ~45 min, followed by a lower increase 

rate. 
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Fig. 2.3 Reduction of SA TTM in fluidized bed by 50 vol. % CO-N2 gas mixture at various 

temperatures 
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Fig. 2.4 Reduction of SA TTM in fluidized bed by CO-N2 gas mixture with different CO contents 

at 850 oC 
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Compared to the fluidized bed reduction of hematite ores, the reduction 

efficiency of the SA TTM is significantly lower. In Zhong’s fluidized reduction 

experiments (Zhong et al., 2013), where the MD reaches 30 % after reduction for only 

9 min during the reduction of pure hematite particles (99.9 % Fe2O3, particle size 0.074-

0.149 mm) at 800 oC in a fluidized bed with the 50 vol. % CO-N2 gas mixture. In 

comparison, the MD reaches only 15.52 % after 10 min at the same temperature and 

atmosphere for the SA TTM. This can be attributed to the fact that TTM examined in 

the present experiments is composed of a lower content of iron oxide, with a higher 

content of iron titanium oxide and impurities such as magnesium oxides. Firstly, It has 

been established that the gas-phase reduction speed of TTM is much slower than that 

of hematite and magnetite iron ores (Park and Ostrovski, 2003). According to 

thermodynamic analyses, Ti bearing iron oxides such as ulvospinel (Fe2TiO4) and 

ilmenite (FeTiO3) are thermodynamically more difficult to be reduced than those of 

conventional iron oxides (Hu et al., 2013). Furthermore, the impurities in TTM could 

also impede reduction due to the barrier effect. From thermodynamic calculation during 

the reduction of TTM concentrate, it is neither possible to reduce magnesium oxide in 

the TTM to magnesium metal nor could magnesium pass into solid solution in titanium 

oxide (Merk and Pickles, 1988). During the reduction of TTM concentrate, the 

magnesium concentration in the front of the reduction interface is increased in TTM 

concentrate as a result of the direct reduction of Fe2+. This lowered the thermodynamic 

activity of Fe2+, making Fe2+ more difficult to be reduced. Similarly, manganese and 

aluminum oxides have the same effect on the reduction kinetics as magnesium oxide. 

However, magnesium and manganese oxide has a somewhat larger effect on the 

reduction kinetics than aluminum oxide (Gupta et al., 1989; Gupta et al., 1987). This 

might be because magnesium and manganese oxides form a more stable solid solution 

with iron oxides than other impurity oxides. The effect of the impurity oxides such as 

magnesium and manganese on the subsequent reduction process will be examined in 

more details in section (2.3.3). 
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The kinetics of the reduction process was analyzed by the three-dimensional 

diffusion Ginstling-Brounshtein (2.2) and Arrhenius (2.3) equations (Back and Laidler, 

2013; Ortega, 1996). 

                    2/31 2 / 3 (1 )f f kt− − − =                                                      (2.2) 

                   0 exp( / )k k E RT= −                                                     (2.3) 

In equations (2.2) and (2.3), f is the reduction degree, k is the rate constant (s-1), and t 

is the reaction time(s), k0 is the pre-exponential factor (s-1), R is the ideal gas constant 

(8.314×10-3 kJ/mol·K), E is the apparent activation energy (kJ/mol), T is the 

temperature (K). The reduction degree f is calculated by the following equation: 

                   01 /tf O O= −                                                       (2.4) 

Where, O0 is the weight of total oxygen of iron oxides (FeO, Fe2O3) in the raw SA TTM, 

Ot is the weight of oxygen left in iron oxides (FeO, Fe2O3) after reduction.  

When metallic iron was generated, due to the fast reduction of Fe2O3 to FeO 

and further to Fe, it can be assumed that there is only FeO left. So the values of O0 and 

Ot can be calculated by the chemical analysis data of table 2.1 and the measured 

metallization degree. The plot of 2/31 2 / 3 (1 )f f− − −  against t, Fig. 2.5 (a), shows a good 

linear fitting within the initial reduction time of 60min. The rate constant k was 

determined from the slope of the lines in Fig. 2.5 (a). By plotting the natural logarithm 

of the rate constant against the reciprocal of temperature (1/T) as shown in Fig. 2.5 (b), 

the apparent activation energy (E) can be calculated from the slope of the line. The 

temperature dependence of the reaction rate constant in Fig 2.5 (b) shows excellent 

linearity. This confirms the applicability of the three dimensional diffusion Ginstling-

Brounshtein reaction model. The apparent activation energy for the initial reduction 

stage was calculated to be 27.96±1.23 kJ/mol, from which it can be concluded that the 

reduction of the SA TTM with the above-mentioned conditions is controlled by the gas 

phase diffusion, as the gas phase diffusion control typically has E value between 4.184 

kJ/mol to 12.552 kJ/mol and the E values are normally greater than 41.84 kJ/mol for 

chemical reaction control processes (Habashi, 2017). 
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Fig. 2.5 Relationship between 2/31 2 / 3 (1 )f f− − −  and t (a) and the relationship between lnk and 

1/T (b) 

2.3.2 Phase transformation behavior of the of SA TTM reduction 

XRD patterns during the SA TTM reduction at 850 oC with 50 vol. % CO-N2 

mixture is shown in Fig. 2.6. At the initial reduction stage, where the MD is less than 

28.58 % (0 - 15 min), the hematite in the SA TTM was reduced very rapidly such that 

hematite peaks cannot be detected after 5 min reduction. The XRD peaks of the 

transitional wustite phase (FeO), the intermediate reduction product of hematite and 

magnetite reduction, reach the highest peak intensity at the reduction for 5 min. This is 

accompanied by the TTM phase consumption, and more metallic iron is generated as 

indicated by the increase in the peak intensity of the metallic iron phase. After reduction 

for 30 min, the transitional wüstite phase disappears, and there were only peaks from 

ilmenite, original TTM and metallic iron left in the XRD pattern as shown in Fig. 2.6. 

It is worth noting that the intensity of the ilmenite peaks first decreases and then 

increases within the reduction in 30 min, indicating that ilmenite is the most difficult 

phase to be reduced in the SA TTM.  

 

(a) (b) 
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Fig. 2.6 XRD patterns of SA TTM reduced by 50 vol. % CO-N2 gas mixture at 850 oC for 

different times 

It is well established that gas-solid direct reduction process of TTM proceeds 

with the following five main reduction reactions (Hu et al., 2013; Park and Ostrovski, 

2003): 

3Fe2O3+CO=2Fe3O4+CO2  ΔGθ=-52130-41T                       (2.5) 

Fe3O4+CO=3FeO+CO2  ΔGθ=35380-40.16T                       (2.6) 

FeO+CO=Fe+CO2  ΔGθ=-17238+21.876T                        (2.7) 

Fe2TiO4+CO=Fe+CO2+FeTiO3  ΔGθ=-16820+28.15T                  (2.8) 

FeTiO3+CO=Fe+CO2+TiO2  ΔGθ=16234+9.742T                    (2.9) 

In the above reactions, the none-Ti containing iron oxides (Fe2O3 and Fe3O4) 

are easier to be reduced than those of the Ti-containing iron oxides (Fe2TiO4 and FeTiO3) 
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Thus, at the initial reduction stage, there was a large amount of FeO generated. The 

generated FeO can also combine with FeO·TiO2 to form Fe2TiO4 as shown in reaction 

(2.10), the ΔG of this reaction is -7463.702 J/mol at 850 oC. 

FeO+FeO·TiO2=Fe2TiO4  ΔGθ=-418-6.274T                        (2.10) 

The FeO·TiO2 and Fe3O4
 phases are closely associated with each other in the 

SA TTM, which provides a favorable condition for the combination of wustite with the 

ilmenite to form ulvospinel. As a result, the content of ilmenite decreases at the initial 

reduction stage. When all the excess FeO has been reduced to metallic iron, the 

reduction of 2FeO·TiO2 to FeTiO3
 begins according to reaction (2.8). That is the 

primary reason of FeTiO3 increase at certain reduction stage, as indicated by the XRD 

pattern in Fig. 2.6. Subsequently, with further increase in the reduction time, ilmenite 

starts to be reduced to form Fe and TiO2. It is noteworthy to add that the TTM phase 

disappeared after reduction for 45 min (MD 68.8 %) while ilmenite phase can still be 

detected even after reduction for 90 min (MD 86.35 %), indicating that ilmenite is the 

most difficult Ti-containing phase to be reduced in the SA TTM. The reduction of the 

SA TTM is nearly complete after 120 min with the metallization degree of 88.37 %. It 

should be mentioned that carbon and Fe3C phase were detected as shown in Fig. 2.6, 

due to the catalytic effect of newly-formed metallic iron that speeds up the boudouard 

reaction. 

The reduction products are metallic iron and TiO2 according to equation 2.9. 

However, XRD peaks from TiO2 were not detected even with the sample reduced for 

120 min, where the reduction of the SA TTM is almost complete. This may be due to 

the fine and dispersive distribution of TiO2 phases, or due to the fact that the high 

intensity of the metallic iron peaks at 45° submerges the TiO2 peaks. To clarify this 

point, slow scan XRD was performed between 20 to 40° for the sample reduced for 120 

min, and the result is shown in Fig. 2.7, from which it can be seen that the titania-ferrous 

oxides in the SA TTM were finally reduced to rutile, and the residual unreduced iron 

remained in ilmenite. Thus, the final reduced products are metallic iron, rutile, 

cementite (Fe3C) and the residual ilmenite.  
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Fig. 2.7 Slow-scan XRD pattern of the sample reduced by 50 vol. % CO-N2 at 850 oC for 120 min 

Microstructure evolution during the reduction of the SA TTM at 850 oC by 50 

vol. % CO-N2 mixture was examined by BSE (Fig. 2.8). It can be seen from Fig. 2.8 (a) 

that the raw SA TTM concentrate is characterized by a needle-like impurity oxide 

phases embedded in the TTM phase. According to EPMA analyses (table 2.3), the dark 

needle-like structure (point 1) consists mainly of the magnesia-alumina spinel 

(MgAl2O4) with a [Al]/[Mg] atom ratio of 2.44, while the grey region in Fig. 2.8 is the 

main phase of TTM (point 2) with the elemental composition listed in table 2.3. At the 

initial reduction stage (10 min), the metallic iron was first observed on the outer rim of 

a particle as well as in the crack edges inside of the particle, with most of the inner 

region remained unchanged (Fig 2.8 (b)). With the proceeding of the reduction, four 

different morphological regions can be identified as shown in Fig. 2.8 (c), e.g., the grey 

region, the bright region that belongs to the newly-formed metallic iron, the dark 

needle-like phase and the newly-formed dark region that comes from unreducible 

oxides in the SA TTM. The intermediate phases of Fe3O4 and FeO are not easily 

distinguished with the TTM phase. 

Elemental analyses in table 2.3 showed that the composition of the needle-like 

dark region has a [Al]/[Mg] atom ratio of 2.46 (point 3), which is nearly the same with 

that of the dark phase in the raw SA TTM, indicating the spinel phase is quite stable 

during the reduction process. Subsequently, the reduction of SA TTM follows a 
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topochemical way, with the formation of an unreacted/reacted interface. From Fig. 2.8 

(c), the reduced region has a rough and porous structure and the unreduced region 

becomes smaller and subsequently disappeared (Fig. 2.8 (d)). However, even at the end 

of the reaction, the reduced iron and residual oxides were not connected together to 

form a uniform continuous area. This can be attributed to the low reduction temperature 

and the high melting point of the residual oxides (~1650°C) (Sun et al., 2012b). 

 

  (a) 0min η=0 %                                                (b) 10min η=18.44 % 

 

         (c)   30min η=53.84 %                                    (d) 120min η=88.37 % 

Fig. 2.8 Morphology changes of SA TTM particles during the reduction  

by 50 vol. % CO-N2 gas mixture at 850 oC 
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Table 2.3 Compositions of SA TTM particles during the reduction by 50 vol. % CO-N2 gas 

mixtures at 850 oC (EPMA analyses correspond to that shown in Fig. 2.6, wt. %) 

Point no. O Mg Al Si Ti V Mn Fe 

1 57.13 9.38 22.89 0.07 2.08 0.71 0.05 7.69 

2 60.33 0.98 1.09 0.01 5.19 0.61 0.07 31.72 

3 56.21 9.31 22.87 0.08 2.84 0.86 0.06 7.77 

4 66.02 1.45 1.26 0.02 15.82 0 0.17 15.26 

5 0 0 0 0 2.26 0 0 97.74 

6 64.96 2.4 4.26 0.03 16.29 2.60 0.2 9.26 

 

2.3.3 Reaction pathway for the CO reduction of the SA TTM  

The reduction of TTM has been extensively investigated. However, the exact 

reduction pathway has not yet been fully clarified, due primarily to the complex 

compositions. As described above, SA TTM is a complex ore consisting of magnetite 

(Fe3O4), ulvospinel (2FeO·TiO2), ilmenite (FeO·TiO2), hematite (Fe2O3) and magnesia-

alumina spinel MgO·Al2O3. The reduction pathways are quite different for these phases, 

and it would become quite complex with the mixture of these phases and in the form of 

solid solution also. Among these phases, MgO·Al2O3 naturally exists in isolation, while 

the other phases are not only closely associated with each other, but also are substituted 

by impurity elements like Mg, Al, Mn, Si, etc. to form solid solutions. According to 

Sack’s analyses (Sack and Ghiorso, 1991), some divalent metal ions such as Mg2+ and 

Mn2+can replace Fe2+ by the isomorphous substitution mode, and MgO, and MnO can 

form a continuous solid solution with FeO among impurity oxides in the SA TTM (Pan 

et al., 2011) due to (1) the crystal structure of FeO, MgO, and MnO belongs to the same 

NaCl type cubic crystal form; (2) the lattice constants of FeO, MgO, and MnO are very 

close to each other, 4.299 Å, 4.213 Å, and 4.443 Å, respectively; (3) the ionic radius of 

Fe2+, Mg2+, and Mn2+ are 0.078 nm, 0.072 nm, and 0.067 nm, respectively. Taking FeO 

as the solvent and MgO or MnO as the solute. The relative difference of the ionic radius 

is 7.69 % for FeO-MgO system and 14.10 % for FeO-MnO system, and the difference 

satisfies the requirement for forming a continuous solid solution by Hume-Rothery rule 

(the required difference is <15 %). On the other hand, it is difficult for FeO to form a 

solid solution with other divalent metal oxides like CaO, due to the large difference in 

the ionic radius between FeO and CaO (radius difference 28.21 %).  
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Assuming that the FeO-MgO and FeO-MnO are ideal solid solution systems, 

and MgO and MnO are uniformly distributed in FeO in the SA TTM. And considering 

the fact that the composition of the magnesia-alumina spinel is very stable during the 

reduction process. The actual approximate FeO chemical composition in the SA TTM 

concentrate can be calculated by mass conservation using data in tables 2.1 and 2.3, as 

90.998FeO-7.348MgO-1.682 MnO. In the raw SA TTM concentrate, FeO exists in 

Fe3O4 (FeO·Fe2O3), 2FeO·TiO2 and FeO·TiO2. The solid solution impurities of the 

divalent metal oxides MgO and MnO can lower the activity of original FeO. Thus, the 

final actual equilibrium pCO/(pCO+pCO2) for reduction reactions (2.7) and (2.8) at 850 
oC was calculated to be 70.67 % and 84.28 %, respectively by ΔGθ=-RTlnK, where K 

is the reaction equilibrium constant (Itoh et al., 1998). The equilibrium pCO/(pCO+pCO2) 

for the reduction reactions (2.5) and (2.6) without Fe generation were not calculated 

because the main function of the direct reduction is to produce metallic iron.  

Since the FeO generated by reaction (2.6) from Fe3O4 is without solid solution 

impurities, part of the FeO in reaction-formed 2FeO·TiO2 (from the combination of 

FeO·TiO2 and FeO in reaction (10)), will also be without solid solution impurities. Thus, 

the initial equilibrium pCO/(pCO+pCO2) for reduction reactions (2.7) and (2.8) at 850 
oC should be the theoretical equilibrium values 68.68 % and 82.99 % respectively, 

where the impurity oxides are not considered in the calculation. For the reduction 

reaction (2.9), because the reaction-formed 2FeO·TiO2 is easier to be reduced, the FeO 

in the remaining FeO·TiO2 (including the reduced FeO·TiO2 from 2FeO·TiO2 and 

original FeO·TiO2) should all be with the solid solution impurities. Therefore, the 

equilibrium pCO/(pCO+pCO2) is 95.29 %, where the impurity oxides are considered in 

the calculation. 

The reduction metallization degree is directly related to the reduction of FeO to 

Fe. According to the XRD detection result in Fig. 2.1(a), Fe2O3, Fe3O4, 2FeO·TiO2, and 

FeO·TiO2 are major iron containing oxides in the SA TTM. The related reduction 

reactions (2.5)-(2.9) can be divided into three steps based on their reduction difficulty. 

The first step is the reduction of Fe2O3 and Fe3O4 to Fe, which is the reduction of iron 

oxides without TiO2. The second and third steps are the reduction of Fe2TiO4 and 

FeTiO3 to Fe (the reduction of TiO2 containing iron oxides). As discussed previously, 

the some reaction-generated FeO will react with FeO·TiO2 to form 2FeO·TiO2 before 

being reduced to metallic iron, so the achievable MD in the first step will be lowered 

than theoretically calculated. Also, the starting metallization degree of the second step 
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will also be lowered. For the third step, due to the reduction and exhaustion of the 

generated FeO, the starting metallization degree of the third step would not be 

influenced. 

Based on the above analyses, the relationships between the metallization degree 

and different reduction steps can be calculated for the theoretical model and the actual 

model. The general reduction pathway for the single phase TTM reported by previous 

researchers is taken as the theoretical model (Fe3-xTixO4 

→FeO+Fe2TiO4→Fe+Fe2TiO4→Fe+FeTiO3→Fe+FeTi2O5→Fe+TiO2). While the 

corresponding model developed in this study for the complex associated TTM (with    

Fe3-xTixO4, FeTiO3, and FexOy phases) is taken as the actual model. 1000g of the SA 

TTM concentrate with 10.002 mol Fe were used as the initial weight for calculation, 

with the assumption that all the reactions (2.5) - (2.9) can reach the equilibrium state. 

In the actual model, the actual FeO chemical composition (90.998 FeO, 7.348 MgO, 

and 1.682 MnO) was taken into calculation, where an equal amount of MgO and MnO 

replaces FeO to combine with TiO2. So, the original mole content of 2FeO·TiO2 and 

FeO·TiO2 in the SA TTM are 0.121 mol and 1.575 mol by mass conservation, 

respectively. The amount of Fe2O3 needed to form 3(Fe3O4)·Fe2TiO4 is in excess, so 

the free Fe2O3 is 3.595 mol, and all FeO are used to form 3(Fe3O4)·Fe2TiO4 and 

FeO·TiO2. In the theoretical model, the corresponding original mole content of 

2FeO·TiO2, FeO·TiO2, and Fe2O3 are 0.098 mol, 1.578 mol, and 3.663 mol, 

respectively. Also in the theoretical model, for the first reduction step, the generated 

FeO from the reaction (2.6) is reduced to metallic iron without combination with 

FeO·TiO2. Therefore, the first step metallization degree is 82.07 %, which is also the 

starting metallization degree of the second step. In the second step, only the original 

2FeO·TiO2 is reduced to FeO·TiO2, so the theoretical metallization degree is 83.05 %. 

Finally, the generated and original FeO·TiO2 are reduced from a metallization degree 

of 83.05 % to 100 %. However, in the actual model, for the first reduction step, 1.575 

mol of generated FeO from the reaction (2.6) will form 2FeO·TiO2 by combining with 

the original FeO·TiO2 (reaction (2.10)); thus, the final metallization degree of the first 

reduction step should be lowered to 66.68 %. Subsequently, in the second step, both the 

generated 2FeO·TiO2 from the reaction (2.10) and original 2FeO·TiO2 will be reduced 

to FeO·TiO2. And considering the fact that in the remaining FeO·TiO2, the FeO content 

in the actual FeO chemical composition is less than the theoretical model value, the 

final metallization degree of the second step will be slightly greater than 84.57 %. 
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Finally, both the generated and original FeO·TiO2 are reduced to reach a 100 % 

metallization degree. The integrated equilibrium reduction path for the SA TTM is 

shown as follow: 
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Fig. 2.9 The relationship of the metallization degree and the equilibrium CO reduction potential 

with the balance gas CO2 at 850 oC 

Table 2.4 The metallization degree of the experiment samples reduced by different CO-CO2 gas 

contents at 850 oC 

CO gas content 

(%) 
68 69.5 72 82 85 94 96 100 

Metallization 

degree (%) 
0 15.00 63.25 63.90 82.70 83.95 95.44 96.37 

 

The relationship between the metallization degree and the equilibrium CO 

reduction potential with the balance gas CO2 at 850 oC is drawn in Fig. 2.9. The 

experimental data at the different pCO/(pCO+pCO2) and corresponding metallization 

degree are marked as the black points in Fig. 2.9. The metallization degree and CO 

concentration each experiment are listed in table 2.4. The XRD patterns of the 

experimental samples are shown in Fig. 2.10. Every CO-CO2 gas equilibrium reduction 

experiment was maintained for 5 hours.  
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At 68 % CO-CO2 gas reduction potential, there were only TTM and wustite in 

the XRD pattern, as shown in Fig. 2.10. As calculated previously, this reduction 

potential can reduce Fe2O3 and Fe3O4 to FeO, but does not meet the required reduction 

potential to reduce FeO to Fe; thus, the hematite peaks disappears without formation of 

metallic iron phase. So, the corresponding metallization degree is 0 %. Additionally, 

the ilmenite peaks in the raw SA TTM concentrate also disappears due to the 

combination of FeO·TiO2 with FeO. By increasing the reduction potential to 72 %, 

which is 1.42 % greater than the actual gas reduction potential for the reduction of FeO 

to Fe (reaction 2.7), the peaks of metallic iron appears and the peaks from the wustite 

phase disappears, as shown in Fig. 2.10. The ulvospinel phase existed stably until to 

82 % CO-CO2 as the equilibrium phase included newly combined ulvospinel from 

ilmenite and wustite. In the reduction potential range of 85 % - 94 %, just after the 

second reduction step (reaction (2.8)), only XRD peaks from ilmenite and iron were 

observed. The metallization degree of reduced samples in this reduction potential range 

is about 83 %, which is very close to the actual model calculation of 84.32 %. Finally, 

when the reduction potential is above 96 %, the final metallization degree could only 

reach 96.37 % after 5-hour reduction. As analyzed above, the small amount of 

unreduced iron would remain in the form of residual ilmenite and spinel. And the 

carbon deposition reaction, caused by the high CO partial pressure and the metallic iron 

catalysis, results in the co-existence of iron, cementite and carbon phases in the final 

reduced sample. Overall, the equilibrium reduction experiment data have shown the 

validity of the theoretical analyses, which can further provide the references for the 

adjustment of gas-solid TTM reduction parameters. 
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Fig. 2.10 XRD patterns of samples equilibrium reduced  

by different CO-CO2 gas content at 850 oC 

The model analyses show that the metallization degree and reduction potential 

during the SA TTM reduction process occur in a step-wise form. The significance of 

this to the practical production is as follows: (1) from the model calculation, the 

reduction potentials of about 72 % and 84 % are two important reduction step points. 

Moreover, if we want to further increase the metallization degree after the complete 

reduction of the conventional iron oxide (first step), about 12 % increase in reduction 

potential is required, which will increase the cost of the reducing gas. (2) if the 

metallization goal is set at the end of the first reduction step, the actual metallization 

degree of TTM will eventually be lower than the theoretical value for the single mineral 

phase TTM (Fe3-xTixO4), due to the combination of FeO TiO2 and FeO.  

At the present, the process parameter of the two-step direct reduction electric 

furnace smelting process for TTM is general based on the process design of the normal 

iron ore such as hematite and magnetite. And the target metallization degree of the 
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direct reduction stage is generally set at about 90 %. For TTM it difficult to reach such 

high metallization degree due to its complex composition and the target metallization 

degree is usually set at about 80 % (based on the normal iron ore phase content in TTM). 

However, the combination reaction was not considered which can lower the target 

metallization degree by about 19 %. According to the above analyses, in the process 

design of the two-step direct reduction of TTM, the influence of the complex mineral 

composition and phase composition on the stepwise reduction should be considered, 

and the appropriate intermediate product metallization degree should be set as a target 

(between the first and second step). Moreover, to utilize the energy saving advantages 

of the low-temperature gas-base reduction and high temperature deep fast reduction of 

the electric furnace, the most difficult to reduce titanium-containing oxides in TTM (the 

third level) should be reduced in the smelting furnace. This will reduce the overall 

energy consumption and improve production efficiency. 

2.4 Summary of this chapter  

This chapter primarily focuses on the phase transformation during the 

isothermal equilibrium and non-equilibrium reduction of SA TTM by CO gas, and the 

effects of original impurity oxides, such as MgO and MnO, on the reduction process 

was investigated. 

The increase in the reduction temperature and CO gas content is beneficial to 

the reduction of the SA TTM concentrate. The reduction efficiency of SA TTM is 

almost half that of pure hematite. This is mainly because of the lower content of iron 

oxide and higher content of iron titanium oxide in TTM.  

The reduced formed FeO can combine with FeO·TiO2 to form 2FeO·TiO2 in the 

reduction process, which was found and confirmed by CO-N2 isothermal and CO-CO2 

equilibrium reduction experiments. This dynamic phase transition would lower the 

actual metallization degree to about 15.39 % after the first reduction step of iron oxides 

for SA TTM under CO-CO2 gas equilibrium reduction condition. Also, the continuous 

solid solution of MgO and MnO with FeO significantly increases the required reducing 

gas potential of FeO and 2FeO·TiO2 in the TTM concentrate. According to this, the 

actual equilibrium relationship between the metallization degree and the equilibrium 

CO-CO2 gas reduction potential has been established where the phase combination and 

impurity effect have been considered in the model quantitative. 
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CHAPTER 3 EFFECTS OF HIGH-TEMPERATURE PRE-

OXIDATION ON THE TITANOMAGNETITE ORE STRUCTURE 

AND REDUCTION BEHAVIORS IN FLUIDIZED BED  

3.1 Introduction  

The direct reduction efficiency of the complex TTM is significantly lower than 

common iron ore concentrate (TFe > 60 wt. %), because of the presence of Ti-

containing iron oxides in TTM as clarified in the previous chapter. From the 

metallurgical principle, it is well known that the reducibility of magnetite can be 

significantly improved by pre-oxidation, which can be explained by the volume 

increase of about 25 % during the transformation of magnetite to hematite, due to 

rearrangement from the face-centered cubic structure to the close-packed hexagonal 

structure (Edstrom and Bitsianes, 1955). The pre-oxidation was also a broadly adopted 

practice in processing ilmenite to enhance its reduction rate (Vijay et al., 1996; Sun et 

al., 1992). However, the details of the effect of pre-oxidation on ilmenite reduction are 

inconsistent. Gupta suggested that the pseudobrookite solid solution formed in the 

sintering process was reduced faster than stoichiometric ilmenite (Gupta et al., 1990). 

Jones (1975) pointed out that the pre-oxidation of ilmenite reduced the reduction rate 

and just slightly increases the final extent of reduction. The results obtained from Merk 

and Pickles (1988) showed that only pre-oxidation of ilmenite in the temperature range 

700-800 oC yielded the highest reduction degree. The relationship between pre-

oxidation degree and subsequent reduction degree is not yet well established. Moreover, 

for the complex TTM concentrate, both the pre-oxidation of magnetite and ilmenite can 

affect the reduction performance. Therefore, a systematic study to allow a 

comprehensive understanding would be essential, which is very meaningful for the 

reduction process improvement.  

This chapter mainly focuses on the effects of high temperature pre-oxidation on 

the TTM ore structure and reduction behaviors in a fluidized bed. The phase 

transformation behavior of SA TTM in the pre-oxidation process were investigated. In 

addition, by analyzing the effect of pre-oxidation degree on the reduction and their 

associated phase transformation, the influence of the reduction potential on the 

metallization degree has been clarified for the pre-oxidized TTM. 
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3.2 Experimental 

3.2.1 Experimental material and technique 

The material, experimental apparatus and analysis technique are the same as 

those described in section 2.2 of chapter 2. The oxidizing gas used is dry air.  

3.2.2 Sample characterization  

The oxidation degree (OD) of each sample was calculated using the following 

formula: 

                                      
22 2

- or r

r o r

FeFe Fe
TFe TFe TFeOD

++ + 
  
 

=                                                 (3.1) 

Where 2
rFe + and 2

oFe + are the weight of divalent iron in the raw and pre-oxidized sample 

respectively. Whereas rTFe and oTFe are the total weight of iron in the raw ore and pre-

oxidized sample respectively. The weight content of the divalent iron and total iron 

were determined by the chemical titrimetric method (Standard, 1987). The 

metallization degree (MD, η) and mineral morphology of the samples were determined 

in the same way as described in 2.3 of chapter 2.  
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3.3 Results and discussion 

3.3.1 High temperature oxidation behavior of SA TTM  

Isothermal oxidation experiments of SA TTM were carried out at 825-950 oC, 

and the results are shown in Fig. 3.1. It is observed that the oxidation rate increases with 

increasing temperature. At 950 oC, an oxidation degree of over 90 % can be obtained 

within 15 min.  
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Fig. 3.1 The oxidation of SA TTM in a fluidized bed by air at various temperatures 

The phase transition of the oxidized SA TTM samples at 825-950 oC was 

examined by XRD analyses. It is interesting to note that at 825 oC SA TTM is oxidized 

partially to form the maghemite phase (γ-Fe2O3) for oxidization up to 10 min, after 

which the maghemite phase transforms to hematite phase (α-Fe2O3), as shown by the 

XRD pattern in Fig. 3.2(a). While at 950 oC, the SA TTM is directly oxidized to 

hematite and pseudobrookite phase without the initial formation of the maghemite 

phase, as shown in Fig. 3.2(b). Obviously, the oxidation-induced phase transformation 

of the titano-magnetite (main phase in TTM) is quite different from that of pure 

magnetite. For pure magnetite, the oxidized product is maghemite below ~400 oC and 

hematite above ~400 oC (Lui et al., 2010; Gillot et al., 1978). However, during the 

oxidation of SA TTM, maghemite was found up to 850 oC. The difference is mainly 

caused by Ti4+ and other cations (Al3+ and Mg2+) in TTM magnetite lattices, since the 
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transformation of magnetite to maghemite involves an outward diffusion of Fe2+, the 

creation of cation vacancies and the addition of oxygen atoms, the existence of Ti4+ and 

other cations (Al3+ and Mg2+) in TTM retards this diffusion process and delays the 

transformation of maghemite to hematite (Sidhu et al., 1980; Gallagher et al., 1968). It 

worth noting that, due to the dispersive distribution and small crystal size of rutile, it is 

difficult to detect the rutile phase by XRD. A similar result was reported by (Park and 

Ostrovski, 2004b, a) for New Zealand TTM. The generated rutile will remain dispersed 

in hematite. 

Theoretically, there are three main oxidation reactions, as described by equation 

3.2 to 3.4. The oxidation reactions induce in dissociate of the titania-ferrous oxides. 

2/3Fe3O4+1/6O2=Fe2O3                                                         (3.2) 

Fe2TiO4+1/2O2=Fe2O3+TiO2                                                     (3.3) 

2FeTiO3+1/2O2=Fe2O3+2TiO2                                                   (3.4) 
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Fig. 3.2 The phase transition of SA TTM samples in the oxidation process  

at 825 oC (a) and 900 oC (b) 
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Another point needs to be noted is that pseudobrookite (Fe2TiO5) is not the 

oxidization product, rather it is formed via the combination of the oxidation products 

of Fe2O3 and TiO2 through equation 3.5 (Zhang et al., 2013; Fu et al., 2010; Gupta et 

al., 1991). The combination reaction is relatively slow below 825 oC, while it is quite 

fast above 900 oC. Therefore, at 825 oC peaks from pseudobrookite phase start to appear 

after 30 min, while at 900 oC pseudobrookite phase was detected at 5 min, as shown by 

the XRD pattern in Fig. 3.2.  

 Fe2O3+TiO2=Fe2TiO5                                                           (3.5) 

The pseudobrookite is one of the difficult reduction phase and would have a 

substantial effect on the reduction (Park and Ostrovski, 2004a). So, the amount of 

pseudobrookite generated during oxidation was evaluated by the quantitative phase 

analyses using the intensity of the X-ray diffraction peaks (Fu et al., 2010). The mass 

ratio of the two phases (pseudobrookite and hematite) was calculated by Eq. (3.6): 

                a a b

b b a

= I C
I C

ω
ω                                                                    (3.6) 

Where Ii is the value of the integrated intensity. The term Ci is the constant determined 
by the crystalline structure as Eq. (3.7): 

2
i hkl2

i

1 1=
2PC F PL

V ρ                                                         (3.7) 

Where Vi is the cell volume, Fhkl is the structure factor, which is dependent on the 

arrangement of the atoms, P is the multiplicity factor, ρ is the crystalline density, and 

Lp is the Lorentz-polarization factor calculated from the peak position θ by Eq. (3.8):  
2

2

1 cos 2
sin cospL θ

θ θ
+

=                                                                        (3.8) 

The integrated intensity was determined from the area of the main peaks of the 

two phases. The cell volume and the crystal density were obtained from the PDF card 

no 89-8103 and 73-1631 for hematite and pseudobrookite, respectively. While the 

structure factor and the multiplicity factor were determined from the GSAS calculation 

(Toby, 2001). 

The major peaks at 25.626° and 33.242° were used for Fe2TiO5 and Fe2O3 

phases, respectively. From the oxidation degree data in Fig. 3.1 and taking 100g SA 

TTM raw concentrate as the initial weight, the generated amount of Fe2TiO5 in the 
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oxidation process at various temperatures can be calculated as shown in Fig. 3.3. At 

oxidation temperature ≥ 850 oC, Fe2TiO5 began to generate when the oxidation degree 

is higher than 40 %. The amount of Fe2TiO5 generated was initially characterized by a 

rapid growth, and then increases more gradually with increasing the oxidation time. The 

amount of generated Fe2TiO5 was still lower than the TiO2 content even with the 

oxidation degree of 97.7 % at 950 oC, indicating that the dissociated TiO2 only partially 

combines with Fe2O3 to form Fe2TiO5. This is quite important since reduction of Fe2O3 

is thermodynamically much easier than that of Fe2TiO5, so reduction of the Fe2TiO5 

formation through optimizing the oxidation process could increase the subsequent 

reduction efficiency. 

        

0 20 40 60 80 100 120
0.00

0.04

0.08

0.12

0.16

 

 

G
en

er
at

ed
 F

e 2
T

iO
5 

/ m
ol

Time / min

825oC
850oC
900oC
950oC

0.17 mol TiO2

 

Fig. 3.3 Estimated Fe2TiO5 formation in the oxidation process at varied temperatures 

The morphology of oxidized SA TTM was examined by SEM (for the particle 

surface) and BSE (for the particle cross-section). Fig. 3.4 shows the surface morphology 

of samples oxidized to nearly the same oxidation degree of ~ 85 % at 850-950 oC. The 

surfaces of all the oxidized particles were covered by hematite (Fe2O3), resulting from 

the reaction between outward diffusion of Fe with oxygen (Fu et al., 2010; Briggs and 

Sacco, 1993). The fast diffusion of iron ions leads to the rapid formation and growth of 

the hematite layer. Within the initial 5 min, the hematite layer on the surface reaches a 

thickness of 1-2 μm (Fig. 3.4 (d)). However, the hematite layer was quite thin compared 

to the particle “diameter”, and its growth stops in the initial stage of oxidation, 

indicating that the surface oxidation finishes in a short time and the out-diffusion of Fe 
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cations is restricted. A similar phenomenon was also reported by Fu et al.(2010) and 

Zhang et al.(2013) during the oxidation of ilmenite. As shown in Fig. 3.4 (a) and (b), 

the grain sizes of the surface hematite layer are in submicron level below 900 oC, and 

the grain size increases with increasing the oxidation temperature. At 950 oC, the grain 

size increases to several microns with only oxidation for 10 min, as shown in Fig. 3.4 

(c), indicating that significant sintering occurs at 950 oC. According to the solid phase 

sintering theory, the temperature (Tammann temperature, Ta) at which solid material 

begins to sinter is much lower than its melting point, “approximately equal to 0.6 times 

of the melting point (Tm =1565 ℃) of hematite” (Zhang B et al., 2011). Additionally, 

the oxidation of the magnetite phase is an exothermic process (Sanders and Gallagher, 

2003), and could quickly release a large amount of heat, further enhancing the 

temperature of the reaction system. The sintering of the surface hematite layer would 

reduce the porosity, so excess sintering would be detrimental to subsequent reduction 

process. 

The particle interior structure in Fig. 3.4 (e), shows that the oxidized samples 

demonstrate a typical unreacted core model. As the reaction proceeds, a dark-net 

structure layer was generated from the outer to the inner region. The pseudobrookite 

phase was embedded in the product layer with a needle-like shape and irregular 

arrangement. The white core in the particle is the unreacted region. The distribution 

density of pseudobrookite phase on the outer part of the product layer was higher than 

that on the inner part, indicating in a difference in the oxidation distribution within the 

particle, with sufficient oxidation at the outer region. The black bulk phase was the 

unoxidized magnesia-alumina spinel phase with an atom ratio [Al]/[Mg] = 2.46, which 

was very stable in the entire oxidation process. 
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Fig. 3.4 Surface and cross-sectional morphology of oxidized SA TTM at 850 oC 60 min (a) (d) (e), 

900 oC for 30 min (b), 950 oC for 10 min (c) 
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3.3.2 Effects of the pre-oxidation on the reduction 

Samples pre-oxidized at 850-950 °C was chosen to investigate the effects of 

high-temperature pre-oxidation on the reduction process. The influence of the pre-

oxidation temperature on the metallization degree is shown in Fig. 3.5 for the SA TTM 

reduced at 850 oC with 50 vol. % CO + 50 vol. % N2 gas, where the samples were 

oxidized to the oxidation degree of about 85 % at 850-950 °C through adjusting the 

oxidation time. The raw ore sample without the oxidation pretreatment was also 

included in Fig. 3.5 for comparison.  

The metallization degree curves presented in Fig. 3.5 shows that oxidation 

pretreatment has a positive effect on the reduction behavior because the subsequent 

reduction efficiency was significantly improved for all the pre-oxidized samples. For 

samples pre-oxidized at 850 oC and 900 oC for 45 and 30 min, the subsequent reduction 

efficiency is significantly improved, especially in the middle reduction stage (45-60 

min), where the metallization degree increases by an average of 10.95 %. However, at 

the initial reduction stage (0-30 min), the improvement is not so significant. In the 

reduction process of TTM concentrate, hematite (Fe2O3) is first reduced prior to the 

reduction of titanium bearing iron oxides like ulvospinel, ilmenite and pseduobrookite, 

as described previously in section 2.3.3. Since there is also hematite in the raw TTM as 

shown in Fig. 2.1 in chapter 2, hematite reduction would dominate the reduction process 

in the initial stage both for the raw TTM and for the oxidized TTM, which might be the 

primary reason that samples exhibit nearly the same the reduction rate at the initial stage, 

as shown in Fig. 3.5. With the reduction proceeds, the reduction of titanium bearing 

minerals gradually dominates the reduction process, and the difference of the pre-

oxidized temperature on the reduction becomes obvious, as shown in Fig. 3.5, where 

the pre-oxidization at 850 oC and 900 oC shows nearly the same enhancement. Further 

increase of the pre-oxidation temperature above 900 oC reduces the enhancement effect, 

due to the sintering of the surface hematite layer, the increased amount of 

pseduobrookite formation.  
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Fig. 3.5 Influence of the pre-oxidation temperature on the metallization degree for samples 

reduced at 850-950 oC with 50 vol. % CO-N2 gas 

Sintering would cause significant increase in grain size. To investigate the grain 

growth effect, the average crystallite sizes of oxidized samples are thus estimated by 

the Scherrer formula (Sun et al., 2012a): 

Crystallite size = Kλ / FW(S)·Cos(θ)                                    (3.9) 

Where K is the shape factor of the average crystallite, λ is the X-ray wavelength, 

FW(S) is the specimen broadening, and θ is the peak position. As shown in Fig. 3.6, the 

change of the average crystallite sizes for Fe2O3 and Fe2TiO5 is marginal below 900 oC, 

while a dramatic increase in the grain size is found after 900 oC. The sintering of the 

surface hematite layer would increase the gas diffusion resistance and thus hinders the 

reduction. Similar sintering effects have also been reported before for ilmenite 

reduction, where Zhang and Ostrovski (2002) reported that sintering made the 

subsequent reduction of iron oxides more difficult. Merk and Pickles (1988) reported 

that the high temperature sintering decreased the porosity, and slightly reduce the 

reduction degree of ilmenite. 
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Fig. 3.6 Average crystallite sizes of Fe2O3 and Fe2TiO5 after oxidation at different temperatures 

The XRD pattern of a reduced sample is shown in Fig. 3.7. After high-

temperature oxidization, the initial phase of the oxidized SA TTM was hematite and 

pseudobrookite. Within the initial 5 min reduction (5.2 % MD), the pseudobrookite 

phase completely disappeared, whereas wustite, iron, and ulvospinel (Fe2TiO4) were 

generated accordingly. Hussein et al. (1967) also reported that pure pseudobrookite is 

initially reduced to ulvospinel before subsequent reduction to ilmenite and metallic iron. 

The reduction phase was nearly unchanged in the reduction during 5-15 min (5.2-30.1 % 

MD). After 30 min, the reduction has progressed to the titania- ferrous oxide reduction 

stage, where the oxide phases in the XRD patterns only have the ilmenite and ulvospinel 

phases with disappearance of the wustite phase, indicating again the difficulty of titania-

ferrous oxide reduction.  

On the other hand, as described previously in section 2.3.3, at the initial 

reduction stage, when there is an excess amount of wustite, the FeTiO3 tends to combine 

with FeO to form Fe2TiO4 till the reduction proceeds to the dominant stage of Fe2TiO4 

reduction. As a result, the ilmenite phase will not be present at the initial reduction stage. 

Whereas, the peak intensity of the ulvospinel phase does not show any significant 

decrease in the initial 15 min reduction. The relative stability of the ulvospinel phase 

within the initial reduction time can be attributed to the generation of the new ulvospinel 

phase as a result of the combination reaction. The ilmenite and ulvospinel phases 
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disappear after 60 min (89.8 % MD), and cementite and metallic iron become the main 

phases present in the reduced sample after 120 min (93.9 % MD). 

 

 

Fig. 3.7 The reduction phase transition of SA TTM at 850 oC with 50 % CO+50 % N2 gas for 

samples pre-oxidized at 900 oC for 30 min 

The reduction-induced morphology changes, as analyzed by BSE, are shown in 

Fig. 3.8 for samples reduced at 850 oC for 120 min by 50 vol. % CO-N2 gas mixture, 

where the sample was pre-oxidized at 900 oC for 30 min prior to the reduction. It was 

observed that, for the un-oxidized raw sample (Fig. 3.8 (a)), after reduction, the reduced 

samples are characterized by coarse iron morphology, e.g., most of the metallic irons 

were > 1 μm with large inter-connected mass distributed between the grain boundaries 

and unreacted core area. In contrast, the pre-oxidized samples (Fig. 3.8 (b)) are 
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characterized by a fine iron morphology after reduction with dot-shaped metallic iron 

distributed in the particle. As reported above, the oxidation pretreatment will destroy 

the original dense structure of the raw TTM concentrate, thus increases the diffusivity 

of the reducing gas. Also, Gupta et al. (1989) suggested that the microstructural changes 

as a result of pre-oxidation will produce numerous probable nucleation sites. Therefore, 

a large number of iron nuclei are formed in the pre-oxidized samples. Thus, the 

opportunity for coalescence is low, resulting in fine iron crystals within the as-reduced 

pre-oxidized particle. 

 

 

 

Fig. 3.8 Cross-section view of raw SA TTM (a) and samples pre-oxidized at 900 oC for 30 min 

and reduced by 50 vol. % CO-N2 mixture at 850 oC for 120 min (b)  

3.3.3 Effect of pre-oxidation on SA TTM equilibrium reaction path 

As discussed in the previous chapter, the reduction of SA TTM can be sub-

divided into three steps. The first is the reduction of iron oxide without titanium oxide, 

i.e., the reduction of free hematite and magnetite in TTM to metallic iron. The second 

and third steps are the reduction of titanium oxides containing iron oxide, i.e., the 
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reduction of ulvospinel and ilmenite to metallic iron respectively. According to 

thermodynamics, the first step is easier than the subsequent two steps. As previously 

discussed, the improvement in the reduction efficiency of SA TTM by pre-oxidation is 

attributed mainly to the dissociation of the titania-ferrous oxides and the oxidation of 

magnetite to hematite. The oxidation of magnetite to hematite affects the reduction 

dynamics (increases the reduction kinetics). The significance of the dissociation of 

titania-ferrous oxides is to release part of the iron oxide from the second and third steps 

to the first step, thus, finally increases the metallization degree at the lower reduction 

potential. However, for high-temperature oxidation, the generation of the 

pseudobrookite phase will reduce the amount of free hematite available and lower the 

metallization degree for the first step reduction. According to Fig. 3.3, the amount of 

pseudobrookite is small at the initial oxidation stage, indicating that the dissociation of 

titania-ferrous oxides is the predominant reaction. Therefore, an optimum oxidation 

degree should exist to maximize the beneficial effect for subsequent reduction. 

Based on the reduction phase transition in Fig. 3.7, the equilibrium reduction 

path for TTM ore after oxidation pretreatment was analyzed as follows. Taking 1000 g 

SA TTM raw ore as the initial weight for calculation, there are 0.121 mol TTM, 1.575 

mol FeTiO3, and 3.595 mol of free Fe2O3. In general, oxidation in the raw SA TTM ore 

occurs within FeO in the TTM and ilmenite phases. The remaining FeO can be 

considered to exist in ilmenite after pre-oxidation. This is because iron oxide in TTM 

has higher activity owing to the higher amount of FeO dissolved in TTM and the 

amount of FeO in ilmenite is about six times of FeO combined with rutile in the TTM. 

In the subsequent reduction, as shown in Fig. 3.7, the free Fe2O3 was reduced to FeO 

initially; meanwhile, the Fe2TiO5 was quickly reduced to Fe2TiO4. Subsequently, the 

first reduction step proceeds with the reduction of free FeO to Fe, and the un-oxidized 

FeTiO3 would combine with FeO to form Fe2TiO4. The free FeO comes from both the 

original Fe2O3 in the raw TTM concentrate and the newly generated Fe2O3 from 

oxidation. The second step involves the reduction of Fe2TiO4 to FeTiO3. In this step, 

the reactant Fe2TiO4 includes both the reduction product from Fe2TiO5 and the 

combination reaction product from the first reduction step. The last step is the reduction 

of FeTiO3 to Fe and TiO2, where the amount of FeTiO3 is equal to the total amount of 

Fe2TiO5 and FeTiO3 in the pre-oxidized SA TTM. The integrated equilibrium reduction 

path after pre-oxidation is as follows: 
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The migration of impurities, such as MgO and MnO, in solid solution form with 

FeO, is also marked in the above equilibrium reduction path. The solid solution 

impurities will affect the equilibrium reduction potential of iron oxides as described 

previously in section 2.3.3 of chapter 2. From the above equilibrium pathway, the 

theoretical equilibrium CO-CO2 reduction metallization degree for samples pre-

oxidized at 900 oC was calculated for the first and second steps, and is shown in Fig. 

3.9. It is worth noting that because the final theoretical equilibrium metallization degree 

for the third step is expected to be 100 %, so, it is not included in Fig. 3.9.  

The calculated equilibrium metallization degree varies with oxidation time 

because of the Fe2TiO5 content difference induced by different oxidation degrees. The 

equilibrium metallization degree initially increases with increasing the oxidation time 

and reaching a maximum value at about 15 min, after which the equilibrium 
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metallization degree begins to decrease gradually. This is because, at the initial 

oxidation stage, the rate of formation pseudobrookite phase is lower than that of the 

consumption of the easily reducible hematite. Moreover, the higher the amount of free 

hematite generated, the higher the metallization degree of the first step, which in turn 

further increases the metallization degree in the second step. After oxidation for 30 min, 

the rate of the pseudobrookite formation exceeds that of free hematite; thus, the 

metallization degree decreases gradually. As a whole, the oxidation can improve the 

equilibrium metallization degree in both the first and second steps. The equilibrium 

metallization curves in Fig. 3.9 also indicate that there is an optimal value for the pre-

oxidation effect, and the reduction metallization degree does not monotonously increase 

with increasing the pre-oxidation time. For samples pre-oxidized at 900 oC, the 

optimum pre-oxidation time is 30 min. A similar trend was also observed at other pre-

oxidation temperatures. For samples pre-oxidized at 850 oC, and 950 oC, the optimum 

pre-oxidation times are 45 min, and 15 min, respectively. Some previous studies have 

reported that the generation of the pseudobrookite phase during the oxidation of titania-

ferrous ore has an adverse effect on the subsequent reduction process (Merk and Pickles, 

1988; Jones, 1975). However, as discussed above, even with the generation of the 

pseudobrookite, the reduction efficiency can still be improved because of the 

competitive relationship between the amount of generated pseudobrookite and hematite 

phases. 

The relationship between the equilibrium CO reduction potential and the 

metallization degree at 850 oC is illustrated in Fig. 3.10, for samples pre-oxidized at 

900 oC for 30 min. The balance experiments data at different pCO/(pCO+pCO2) and 

corresponding metallization degree are the marked black points in Fig. 3.10. By pre-

oxidation treatment, the reduction metallization degree of SA TTM can be relatively 

improved by 14.5 % and 4.5 % for the first and second step, respectively, to 

metallization degree 76 % and 88 %, as compared with those un-oxidized samples 

shown in Fig.2.9, which are marked as circles in Fig. 3.10 comparison. 
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Fig. 3.9 The equilibrium CO-CO2 reduction metallization degree  

for SA TTM samples oxidized at 900 oC 
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Fig. 3.10 The relationship of the metallization degree  

and the equilibrium CO reduction potential at 900 oC 

The XRD patterns of the balance experiment samples are shown in Fig. 3.11. 

Every CO-CO2 gas equilibrium reduction experiment was maintained for 5 hours in 

order that the reaction reaches its equilibrium state. At CO-CO2 gas reduction potential 

of 68 %, there are only ulvospinel and wustite phases, as indicated by the XRD patterns 

in Fig. 3.11. According to the standard reduction potential (chapter 2, section 2.3.4), at 

this reduction potential, just free hematite can be reduced to wustite. Furthermore, due 
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to the instability pseudobrookite phase during reduction, the pseudobrookite is quickly 

reduced to ulvospinel. Simultaneously, ilmenite will also combine with wustite to form 

ulvospinel. Thus, the ulvospinel results from both the reduction of unstable 

pseudobrookite and the combination product of wustite with ilmenite.  

 

 

Fig. 3.11 XRD patterns of samples equilibrium reduced  

by different CO-CO2 gas content at 850 oC 

By increasing the reduction potential to 70 % CO-CO2, the metallic iron begins 

to appear, and the wustite phase disappears accordingly. The oblique line in Fig. 3.10 

represents the effect of the solid solution on the reduction (as reported in chapter 2, 

section 2.3.4), which increases the required reducing gas potential of wustite and 

ulvospinel. After the first step reduction, the ulvospinel phase exists stably until 82 % 

CO-CO2. Then, the second step reduction starts due to the reduction of ulvospinel to 

ilmenite. Only ilmenite and metallic iron are observed at the reduction potential of 
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85 %- 96 %, while at reduction potential ≥ 96 %, only metallic iron and iron carbide 

are observed in the XRD pattern. The CO-CO2 gas equilibrium reduction experiment 

data justified the credibility of the theoretical analyses. 

From the above analyses, it can be seen that the metallization degree for the first 

and second step reduction can be significantly improved by the pre-oxidation treatment, 

due to the dissociation of titania-ferrous oxides to easily reducible free hematite. The 

significance of this is that, on the one hand, this can increase the gas utilization 

efficiency and reduce the energy consumption of the direct reduction step. On the other 

hand, it can also significantly reduce the smelting time and power consumption during 

the subsequent smelting process, which can significantly improve the overall efficiency 

of the two-step short process of TTM.  

This study developed a new stoichiometric equilibrium reduction model for pre-

oxidized TTM to systematic study the effect of pre-oxidation on the reduction of TTM. 

The previous study has demonstrated that pre-oxidation can improve the reduction of 

titania-ferrous oxides. However, the effect of oxidation parameters such as oxidation 

degree and oxidation product phase has not yet been clarified, and no quantitative 

calculation has been reported. Based on the model, it was found that at high oxidation 

temperature, there is an optimal value for the maximum effect of pre-oxidation on 

reduction improvement due to the competitive relationship between the amount of 

generated pseudobrookite and the free hematite. The result demonstrates that by 

quantitatively analyzing the formation characteristic of the oxidation product phase, the 

optimum oxidation condition can be determined. This new method provides a more 

practical approach to setting the process parameters of the pre-oxidation process. 

3.4. Summary of this chapter  

With respect to high efficient utilization of TTM resource, the influence of high 

temperature oxidation on the subsequent reduction was investigated. The oxidation-

induced phase transformation can be divided into two typical processes: the fast 

generation of pseudobrookite and maghemite generation at the initial stage. Fe2TiO5 

begins to generate when the oxidation degree is higher than 40 %, but it is always lower 

than the amount of dissociated titania-ferrous oxides.  

The reduction efficiency for SA TTM was improved by pre-oxidation treatment, 

mainly because of the dissociation of titania-ferrous oxides to easily reducible free 
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Fe2O3. However, when pre-oxidation is higher than 900 oC, the improvement effect 

weakens, due to the higher temperature sintering and the larger crystallite size of 

oxidation products. 

It was found, through analyzing the stoichiometry equilibrium reduction path 

for pre-oxidation TTM, that there is an optimal value for the pre-oxidation influence 

due to the formation of the pseudobrookite phase, and the optimum pre-oxidation time 

is different for various temperatures. For samples pre-oxidized at 900 oC, the optimum 

pre-oxidation time is ~30 min, and the reduction metallization degree of SA TTM can 

be relatively improved by 14.5 % and 4.5 % for the first and second reduction step, 

respectively. Finally, the equilibrium relationship between the metallization degree and 

the gas reduction potential was established for TTM ores with high temperature pre-

oxidation treatments. 
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CHAPTER 4 EFFECTS OF LOW-TEMPERATURE PRE-

OXIDATION ON THE TITANOMAGNETITE ORE STRUCTURE 

AND REDUCTION BEHAVIORS IN FLUIDIZED BED 

4.1  Introduction  

From the previous chapter, by high-temperature oxidation pre-treatment, the 

reduction efficiency of SA TTM can be significantly improved because of the 

dissociation of titania-ferrous oxide to easily reducible free hematite. However, the 

major limitation is that the generation of the pseudobrookite phase will draw back the 

reduction process. Therefore, it is quite meaningful to explore the possibility of 

avoiding the formation of the pseudobrookite phase for further improving the reduction 

efficiency. 

In the previous chapter, it has been established that the pseudobrookite phase is 

the product of the combination reaction between oxidation product phase hematite and 

rutile during the oxidation of TTM, and the combination speed increases with 

increasing the oxidation temperature. Although adjustment of the Fe2O3 and TiO2 

combination reaction has not yet been reported, clues can be found by the investigation 

of ilmenite (FeTiO3) oxidation, where it was found that the oxidation products are 

hematite and rutile at low-moderate oxidation temperature, while at high temperature, 

hematite, pseudobrookite, and rutile are the oxidation products (Briggs and Sacco, 1993; 

Gupta et al., 1991; Gupta et al., 1990; Rao and Rigaud, 1975). However, the reported 

transitional temperature from low-moderate to high oxidation temperature is still 

uncertain. Rao and Rigaud (1975)  reported a transitional temperature of ~900 oC, while 

a transitional temperature of 850 oC was reported (Gupta et al., 1991). Moreover, more 

recently, Zhang (Zhang et al., 2013) reported a transitional temperature ~ 800 oC. This 

might be due to different ilmenite used. Such transition should be much more 

complicated for TTM due to the complex composition. However, it is clear that the 

combination speed is quite dependent on temperature. Consequently, the combination 

reaction is more controllable at lower temperatures. Therefore, a systematic 

investigation on the low-temperature oxidation phase transition and its subsequent 

effect on the reduction behavior is very useful for the oxidation process optimization.  
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In this chapter, the effect of low temperature (≤ 825 oC) pre-oxidation on the 

structural evolution and reduction behaviors of SA TTM will be systematically 

investigated. Through experimental and theoretical analyses, the relationship between 

oxidation phase (with and without the generation of the pseudobrookite phase), the 

metallization degree, and the equilibrium CO-CO2 gas reduction potential will be 

correlated, which can provide the necessary knowledge for reduction process 

adjustment. 

4.2  Experimental 

4.2.1  Experimental material and technique 

The experimental material, experimental technique, and sample characterization 

are the same as described in section 2.2 of chapter 2. The oxidizing gas used is dry air. 

4.3  Results and discussion  

4.3.1  Low temperature oxidation behavior of SA TTM  

Isothermal oxidation experiments of SA TTM were carried out at 700-825 oC 

and the results are shown in Fig. 4.1. It was observed that the oxidation process is 

significantly slower at the low oxidation temperatures. At 825 oC, over 90 % oxidation 

degree can be achieved within 90 min, whereas a mild increase in the oxidation rate is 

observed at temperature ≤ 800 oC, the oxidation degree can only reach 71 % after 

oxidation at 800 oC for 120 min.  
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Fig. 4.1 The oxidation of SA TTM in fluidized bed in air at different temperatures 

The phase transition of the oxidized SA TTM samples at 700-825 oC was 

examined by XRD analyses and is shown in Fig.4.2. The phase evolution behaviors are 

quite different from those high temperature oxidation described in chapter 3, where the 

pseudobrookite phase is not observed at 775 oC after oxidation for 120 min, indicating 

that the combination of Fe2O3 and TiO2 can be neglectable below 775 oC. At 800 oC, 

the pseudobrookite phase appears after oxidation for 45 min, although the amount is 

quite limited, as can be seen from the XRD pattern in Fig. 4.2. From previous studies, 

(Pan et al., 2016) reported the formation of the pseudobrookite phase at 900 oC, while 

(Park and Ostrovski, 2004a) reported the formation of the pseudobrookite phase at 1000 
oC. The difference in the formation temperature of the pseudobrookite phase might be 

due to the different TTM used.  

For sample oxidized at 775 oC, hematite and maghemite are the main phases 

after oxidation for 5 min, as shown in Fig.4.2 (a). As mentioned previously (section 

3.3.1), the occurrence of maghemite phase at such high temperature is due to the 

blocking effect of the non-ferrous solid solution impurities (Mg2+ and Al3+) and high 

amount of Ti4+ in SA TTM. These elements delay the outward diffusion Fe2+ and inward 

diffusion of oxygen atom. After oxidation for 15 min, with an oxidation degree of about 

26.1 %, the maghemite phase disappears due to their relative instability at high 

temperature. Moreover, only the hematite phase is observed with a further increase in 

oxidation time. The pseudobrookite phase is not observed at this oxidation temperature. 
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It worth noting that due to the dispersive distribution of Ti in TTM, and the low mobility 

of Ti at low temperature, there is the probability that rutile may remain dispersed in 

hematite.  

20 30 40 50 60 70 80

 775oC, 5 min

 




  

2 Theta / degree

(a)

 775oC, 10 min
   





  

 

775oC, 15 min









     
775oC, 30 min

 





 

775oC, 45 min
 



 

Re
la

tiv
e I

nt
en

sit
y 

/ a
.u

.

775oC, 60 min

 





 

775oC, 90 min







  











 

 Hematite Maghemite 

775oC, 120 min

 
20 30 40 50 60 70 80

2 Theta / degree



800oC, 5 min






  

(b)


800oC, 10 min

   



  

 800oC, 15 min









 

  

800oC, 30 min

 





 



800oC, 45 min
 







 

R
el

at
iv

e I
nt

en
sit

y 
/ a

.u
. 



800oC, 60 min

 



 



800oC, 90 min








 











 

 Hematite Maghemite 

800oC, 120 min



Pseudobrookite 

 

Fig. 4.2 Phase transition of SA TTM samples in the oxidation process at 775 oC (a) and 800 oC (b) 

For samples oxidized at 800 oC, the oxidation product is also mainly hematite 

and maghemite at the initial stage (≤15 min), as shown in Fig. 4.2(b). After oxidation 

for 15 min, the maghemite phase disappears while hematite and pseudobrookite are the 

main oxidation products with further increasing the oxidation time. At 800 oC, apart 

from the dissociation reaction as expressed by equations, 3.2, 3.3 and 3.4, the 

combination reaction (equation 3.5) of Fe2O3 and TiO2 to Fe2TiO5 also occurs, as shown 

in Fig. 4.2 (b).  

The quantitative phase analyses of the oxidation product was also characterized 

from the XRD peak using the mass ratio of two phases according to equations 3.6, 

3.7and 3.8 in section 3.3.1. By using the oxidation degree data in Fig. 4.1 and taking 

100 g SA TTM raw concentrate as initial weight, the amount of reaction-generated 

Fe2TiO5 during the oxidation process at various temperatures was calculated and shown 

in Fig. 4.3, which shows that the amount of Fe2TiO5 at 800 oC is about the half that at 
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825 oC, indicating that reduction of the oxidation temperature can significantly decrease 

Fe2TiO5 generation. 
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Fig. 4.3 Estimated amounts of pseudobrookite at 800 oC and 825 oC 

4.3.2  Effects of the pre-oxidation on the reduction 

Three different oxidation conditions were employed to study the effect of pre-

oxidation on the subsequent reduction of SA TTM. Samples oxidized at 775 oC for 120 

min (OD, 58 %), where the pseudobrookite phase does not form. Samples oxidized at 

825 oC for 15 min (OD, 43 %), where the pseudobrookite phase has not formed yet, 

although it is within the pseudobrookite formation temperature zone. Also, samples 

oxidized at 825 oC for 90 min (O.D, 91 %), where the pseudobrookite phase has formed. 

At the same time, for comparison, raw ore samples without oxidation pretreatment were 

also used. All the subsequent reduction experiments were carried out at 850 oC with 50 

vol. % CO-N2 gas. 

The metallization degree curves are shown in Fig. 4.4, which demonstrates that 

oxidation pretreatment has a positive effect on the reduction behavior, e.g., the 

reduction efficiency has been significantly improved for all the pre-oxidized samples. 

For instances, samples pre-oxidized at 775 oC for 120 min, the effect of pre-oxidation 

on reduction was also less apparent at the initial reduction stage (0-30 min), as the 

reduction proceeds to the middle stage (45-60 min), where the reduction of titanium 

bearing mineral is the predominant reaction, the effect of the pre-oxidation becomes 

more apparent with a more significant increase in the metallization degree. Similar 
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improvement trend is observed for samples pre-oxidized at 825 oC, with and without 

the presence of the pseudobrookite phase.  
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Fig. 4.4 Metallization degree curves of pre-oxidized and raw SA TTM reduced at 850 oC with 50 

vol. % CO-N2 

Also compared to high temperature oxidation treatment in chapter 3, the 

reduction efficiency is higher at the low-oxidation temperature. For example, at the 

middle reduction stage (45-60 min) where the effect of peroxidation on the reduction is 

more apparent, the metallization degree is increased averagely by 11 % for sample pre-

oxidized at high oxidation temperature of 900 oC for 30 min, whereas a 15 % increase 

in the metallization degree was obtained for samples pre-oxidized at low oxidation 

temperature of 775 oC for 120 min. As stated above, the increase in reduction efficiency 

as a result of pre-oxidation is attributed to the generation of free hematite. Because the 

pseudobrookite phase is not formed at low oxidation temperature of 775 oC, free-

hematite can be more easily generated than at the high oxidation temperature. The 

amount of free hematite in sample pre-oxidized at high oxidation temperature of 900 
oC for 30 min (OD 85 %) and 775 oC for 120 min (OD 58 %) are 0.39 mol and 0.45 

mol respectively.  
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The XRD pattern during reduction of SA TTM samples pre-oxidized at 775 oC 

for 120 min and 825 oC for 90 min is shown in Fig. 4.5. It is worth noting that samples 

show nearly the same phase and XRD pattern for reduction up to 15 min both for 

samples pre-oxidized at 775 oC and 825 oC, as shown in Fig. 4.5. For samples pre-

oxidized at 775 oC for 120 min, the initial oxide phase was mainly hematite and rutile. 

Within the initial 5 min reduction (5.2 % MD), the reduction phase was characterized 

by the presence of wustite, hematite, ulvospinel, and metallic iron. However, the 

hematite phase was completely reduced after 10 min, and wustite, ulvospinel, and 

metallic iron were observed within 10-15 min (22.96-32.68 % MD). After reduction for 

30 min, the transitional wustite phase disappears, and the reduction proceeds to the 

titania-ferrous oxides reduction stage, where ilmenite, ulvospinel and metallic iron are 

the main phases. At the initial reduction stage with an excess amount of wustite, the 

wustite will also combine with ilmenite to form ulvospinel, until the reduction proceeds 

to the ulvospinel reduction stage. As a result, ilmenite is not present at the initial 

reduction stage and the ulvospinel peaks do not show a significant decrease after 

reduction for 30 min (58.88 % MD). Therefore, the relative stability of the ulvospinel 

phase at the initial reduction time can be attributed to the generation of new ulvospinel 

phase. The ilmenite and ulvospinel phases disappears after 45 min, and cementite and 

metallic iron are the only phases present in the reduced sample after 120 min (93.84 % 

MD).  

For samples pre-oxidized at 825 oC for 90 min, the initial phase composition is 

the same as that of the high temperature pre-oxidation, e.g., consisting of mainly 

hematite and pseudobrookite. The subsequent reduction phase transition occurs in a 

similar manner as described previously during high temperature pre-oxidation.  
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Fig. 4.5 Reduction phase transition of SA TTM at 850 oC with 50 vol. % CO-N2 gas after pre-

oxidation at (a) 775 oC for 120 min and (b) 825 oC for 90 min 

4.3.3  Effect of low temperature pre-oxidation treatment on SA TTM 

equilibrium reaction path 

Based on the reduction phase transition with oxidation pretreatment in Fig. 4.5, 

the equilibrium reduction pathway for SA TTM after oxidation pretreatment is analyzed 

as follows. Taking 1000 g SA TTM raw ore as the initial weight for calculation, TTM, 

FeTiO3, and free Fe2O3 are thus the same amounts as previously described in section 

3.3.3. In the subsequent reduction of samples pre-oxidized at 775 oC for 120 min, as 

shown in Fig. 4.5(a), the free hematite is reduced to wustite initially. This free hematite 

is both from original hematite in the raw and the oxidation-generated hematite. 

Subsequently, the first reduction step proceeds with the reduction of free wustite to 

metallic iron, and the un-oxidized ilmenite would combine with free wustite to form 

ulvospinel. The second step then proceeds with the reduction of ulvospinel to ilmenite, 
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while the last step is the reduction of ilmenite to metallic iron and rutile. Whereas, in 

the reduction of samples pre-oxidized at 825 oC for 90 min, as shown in Fig. 4.5 (b), 

the generation of pseudobrookite has a significantly maximum effect on the equilibrium 

reduction. The reduction proceeds with the initial reduction of hematite and 

pseudobrookite to wustite and ulvospinel respectively. Subsequently, the first reduction 

step proceeds with the reduction of free wustite to metallic iron, and the un-oxidized 

ilmenite will also combine with wustite to form ulvospinel. The free wustite comes 

from both the raw hematite in the ore and the newly generated hematite from pre-

oxidation, except the part combined with pseudobrookite. The second step also involves 

the reduction of ulvospinel to ilmenite. In this step, the reactant ulvospinel includes 

both the reduction-generated ulvospinel from pseudobrookite reduction and 

combination reaction-generated ulvospinel from the first step reduction. The last 

reduction step is the reduction of ilmenite to metallic iron and rutile. Here, the amount 

of ilmenite is equal to the total amount of pseudobrookite and ilmenite in the pre-

oxidized SA TTM.  

The integrated equilibrium reduction path for pre-oxidized SA TTM ore with 

and without the formation of pseudobrookite phase is drawn below. Also, the migration 

of solid solution impurities such MgO and MnO in wustite, which will influence the 

equilibrium reduction potential of iron oxide, is also indicated. The coefficient m can 

be determined by the oxidation degree, and n can be determined from the slow scan 

XRD according to equations (3.6) and (3.7).  
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Furthermore, the theoretical equilibrium CO-CO2 reduction metallization 

degree for different pre-oxidation times, at the oxidation temperature of 775 oC and 825 
oC, was calculated for the first and second steps as shown in Fig. 4.6. Because the final 

theoretical metallization degree for the third step is expected to be 100 %, the third step 

metallization degree is not drawn in Fig. 4.6. As shown below, the equilibrium 

metallization degree at the different reduction steps varies with the oxidation time 

because the content of the oxidation product (hematite and pseudobrookite) also varies 

with the oxidation degree. 
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Fig. 4.6 Equilibrium CO-CO2 reduction metallization degree at different pre-oxidation degrees for 

SA TTM oxidized at 775 oC and 825 oC 

For samples pre-oxidized at 825 oC, the equilibrium metallization degree curve 

at different pre-oxidation degrees is characterized by two peaks, where the equilibrium 

metallization degree increases initially, reaching its first peak in ~15 min, followed by 

a temporary drastic decrease. Then a more gradual increase, reaching its second peak 

at about 90 min. The second peak at 90 min is not so apparent; however the equilibrium 

metallization degree begins to decrease after 90 min.  Within the first 15 min, the 

equilibrium metallization increases initially because of the generation of free hematite. 

However, after 15 min, the equilibrium metallization degree decreases temporarily, 

because the fast generation of pseudobrookite consumes a large amount of free hematite. 
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With further increase in oxidation time, the equilibrium metallization degree increases 

gradually, because the rate of formation of pseudobrookite is lower than that of the 

consumption of the easily reducible hematite. Finally, after 90 min oxidation, the 

amount of pseudobrookite is higher than that of free hematite, and the metallization 

degree decreases again. The generation of the pseudobrookite phase reduces the 

equilibrium metallization in the first step and further weakens the improvement effect 

of the subsequent second reduction step. As a whole, this is the result of production rate 

competitive mechanism between hematite and pseudobrookite generation.  

However, at the pre-oxidation temperature of 775 oC, the equilibrium 

metallization degree increases monotonously with increasing the oxidation time. 

Because the oxidation product is only hematite without the pseudobrookite generation. 

Compared with the average peak equilibrium MD of samples pre-oxidize at 825 oC, the 

equilibrium MD of samples pre-oxidized at 775 oC can be further increased from 77.57 % 

to 84.76% (first reduction step) and from 89.89 % to 92.02 % (second reduction step).  

The relationship between the equilibrium CO reduction potential with balance 

gas CO2, and metallization degree at 850 oC, is illustrated in Fig. 4.7, for oxidized 

samples prepared at 825 oC for 15 min and 90 min, (the two peaks of theoretical 

equilibrium metallization degree, before and after pseudobrookite generation, as shown 

in Fig. 4.6 above), and at 775 oC for 120 min. Also, the balance experiment containing 

different equilibrium PCO/(PCO+PCO2) ratios and corresponding metallization degrees 

are also represented by the enclosed symbols. The black circle represents samples pre-

oxidized at 775 oC for 120 min, while the black and plain triangles represent samples 

pre-oxidized at 825 oC, for 15 min and 90 min, respectively. The results from the raw 

ore samples without pre-oxidation in section 2.3.4, are represented by the plain circle 

and dash line. 

For samples pre-oxidized at 825 oC for 90 min and 15 min, the obtained 

equilibrium metallization degrees are quite close, with that of samples pre-oxidized for 

90 min being slightly lower, as shown in Fig. 4.7. Samples pre-oxidized at 825 oC for 

90 min, the metallization degree increases to 75 % and 87.15 % for the first and second 

reduction step, respectively, which is about 17.37 % and 3.8 % improvement with 

respect to the raw ore samples. Whereas, for samples oxidized at 775 oC for 120 min, 

the reduction metallization degree increases to 81.13 % and 90.16 %, which is about 

26.96 % and 7.4 % improvement. In general, by oxidation pretreatment, the 
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metallization degree at different reduction potential corresponding to the reduction 

steps has been improved. 
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Fig. 4.7 Relationship between the metallization degree and the equilibrium CO reduction potential 

with the balance gas CO2 at 850 oC 

As previously stated, the purpose of low temperature is to increase the amount 

of free hematite by preventing the generation of pseudobrookite, thus further increasing 

the equilibrium metallization degree. For the high temperature oxidation at 900 oC in 

the previous chapter, a peak equilibrium MD of 75 % (first reduction step) and 88 % 

(second reduction step) was obtained after 30 min. At low oxidation temperature ≤ 775 
oC, where the pseudobrookite phase does not form, the equilibrium MD at 60 min pre-

oxidation can reach the peak value of sample pre-oxidized at 900 oC, and continue to 

increases linearly with the further increase in the oxidation time. For examples, for 

samples pre-oxidized at low oxidation temperature of 775 oC for 120 min, the 

equilibrium MD can be further improved by 13 % and 5 % for the first and second 

reduction step respectively.  

The phase evolution of the balance experiment is the same for all samples 

irrespective of their pre-oxidation temperatures. Thus, the XRD pattern of the balance 

experiment samples representing all oxidation temperature is shown in Fig. 4.8, and 

every equilibrium CO-CO2 gas reduction experiment was kept for 5 hours. The phase 

evolution of the balance experiment is the same as that described during the high 

temperature experiment in section. 
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Fig. 4.8 XRD pattern of the balance experiment samples reduced by different equilibrium CO-CO2 

gas content at 850 oC 

From the about analysis, it can be seen that the generation of the pseudobrookite 

phase at oxidation temperature ≥ 800 oC significantly limits the total amount of the free 

hematite, which weakens the improvement effect of pre-oxidation on reduction. 

However, by preventing the generation of the pseudobrookite phase at oxidation 

temperature ≤ 775oC, the thermodynamic limitation of the pseudobrookite phase can be 

overcome, and the equilibrium metallization degree of the first and second reduction 

steps can be further increased. This can significantly improve the overall efficiency of 

the two-step short process. 

This study clarified the effect of oxidation product phase on the subsequent 

reduction. A quantitative equilibrium reduction model for pre-oxidized SA TTM with 

and without the generation of the pseudobrookite phase was built. Base on the model 
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analyses it is found that at the oxidation temperature range of 800-825 oC, where the 

pseudobrookite can be generated, there exist two peak values for the maximum effect 

of pre-oxidation on reduction improvement. The first peak is without pseudobrookite 

and the second peak is with pseudobrookite generated. It is the competition between 

the free hematite generation and combination reaction with rutile. Whereas, at the 

oxidation temperature ≤ 775 oC, where the pseudobrookite cannot be generated, the 

reduction metallization degree increases linearly with increasing the oxidation degree. 

The result demonstrates that the thermodynamic limitation of the pseudobrookite phase 

can be overcome by low temperature oxidation and a higher metallization degree can 

be obtained. This result can act as a guide for setting the process parameters during 

practical production.  

4.4  Summary of this chapter 

With respect to optimizing the effect of oxidation pretreatment on improving 

the reduction efficiency of SA TTM, the behaviors of low temperature (700-825 oC) 

oxidation were systematically investigated to study the phase transformation of SA 

TTM and its effect on subsequent reduction. The results show that 800 oC is the 

transitional temperature of the pseudobrookite phase generation, where hematite and 

rutile phases are the oxidation products below 800 oC, while pseudobrookite is the 

stable phase above 800 oC. At temperature ≥ 800 oC, there exists competition between 

pseudobrookite and the free hematite generation. 

The integrated equilibrium reduction path has been built for the pre-oxidized 

SA TTM ore with and without the formation of the pseudobrookite phase. Within the 

oxidation temperature range of 700-825 oC, the effect of peroxidation on the subsequent 

reduction can be divided into two processes. At the oxidation temperature ≤ 775 oC, 

where the pseudobrookite cannot be generated, the equilibrium reduction metallization 

degree for the first and second steps increase linearly with increasing the oxidation 

degree. Whereas at oxidation temperature ≥ 800 oC, where the pseudobrookite can be 

generated, there exist peak values for the maximum effect of pre-oxidation on reduction 

improvement.  

Finally, the reduction metallization degree for the first and second step can be 

improved averagely by 16.67 % and 3.45 %, for samples pre-oxidized at 825 oC for 15 

and 90 min. While 26.96 % and 7.4 % improvements are achieved for samples pre-
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oxidized at 775 oC for 120 min. The thermodynamic limitation of the pseudobrookite 

phase reduction can be overcome at lower oxidation temperature. 
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CHAPTER 5 THE EFFECT OF PRE-OXIDATION ON THE 

FLUIDIZATION BEHAVIOR OF SA TTM 

5.1  Introduction  

The major limitation of the fluidized direct reduction process is the 

defluidization problem, which stems from the sticking of the direct reduced iron (DRI) 

particles and makes the continuous operation practically impossible (Wang et al., 2016; 

Komatina and Gudenau, 2004). Although TTM is easier to be fluidized than ordinary 

iron ores, at high temperature and with high metallization degrees, it is still at a high 

risk of defluidization. The existing methods for suppressing defluidization fit into two 

categories. One is to reduce particle adhesion by decreasing the reduction temperature, 

adding inert materials, coating carbon on particle surfaces, and regulating iron 

morphology. The other is to increase the crushing force by exerting external field force, 

increasing particle size via granulation, optimizing FB structure and increasing 

operating gas velocity (Du et al., 2016; Lei et al., 2014; Zhong et al., 2013; Zhu et al., 

2013; Gransden et al., 1970). Although these methods can prevent defluidization during 

the iron ore reduction, they still have certain limitations for TTM reduction.  

For temperature, controlling the reduction temperature below the sticking 

temperature can effectively maintain good fluidization (Gransden et al., 1970). 

However, the reduction time will be significantly extended and production efficiency 

will be reduced. The addition of inert material such as MgO and CaO can act as a barrier 

to prevent iron- iron contact (Guo et al., 2015). But, the inert addition will further 

increase the impurity oxide content of TTM, thus lowering the TiO2 content in the 

resulting slag. Carbon coating can also act as a barrier to prevent metallic iron from 

contacting, without the introduction of other impurity oxides (Lei et al., 2016). However, 

the major limitation is how to balance the amount of carbon required to achieve stable 

fluidization and the amount of carbon needed in the subsequent electric furnace 

smelting process. With respect to the reduction atmosphere, the use of hydrogen-rich 

reducing gas can suppress the generation of iron whiskers (Du et al., 2016; Matthew et 

al., 1990; Gudenau et al., 1989). But practical processes often use reducing gases from 

reformed natural gas, coal gasification, etc. which contains a large amount of CO gas. 

Thus, the probability of whisker formation in the industrial process is high.  
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With respect to the increase of the crushing force, the granulation method is a 

way of controlling the particle diameter in the fluidized beds by granulating fine 

particles into coarse-grained particles (Li et al., 2015). However, the technical difficulty 

is how to control the size of the agglomerates, because once the agglomerates grow 

excessively, the defluidization cannot be avoided. The addition of external field force 

such as sound field, magnetic field and vibration has been found to improve gas-solid 

contact, however, due to the high equipment cost, and complexity in the operation 

process, it is not suitable for large-scale implementation for TTM reduction. Bed 

structure improvement such as conical fluidized beds can improve the crushing force 

and stabilize agglomeration fluidization; however, this method has not been fully 

developed on the industrial scale. 

Due to the limitations of the current mainstream methods of suppressing 

defluidization, it is necessary to explore new methods of improving fluidization during 

iron ore reduction. During the high and low temperature oxidation experiments in the 

previous chapters, it was found that the fluidization quality of TTM was significantly 

improved by the oxidation pretreatment. Thus understanding detail the effect of 

oxidation pretreatments on the fluidization behavior is very essential, which may 

provide a novel approach to suppressing defluidization during the fluidized bed 

reduction of complex iron ores. 

This chapter focuses on the effect of pre-oxidation on the iron morphology of 

the as-reduced iron ores and its relationship to the fluidization behavior of SA TTM. 

The fluidization behavior of samples pre-oxidized at 750-950 oC and reduced under CO 

atmosphere was investigated. By analyzing the relationship between the oxidation 

effects on the microstructural evolution of the as-reduced samples, a new method for 

suppressing defluidization was developed, which can serve as a useful guide in setting 

industrial process parameters. 

5.2  Experimental 

5.2.1  Experimental material and technique 

The experimental material, experimental technique, and sample characterization 

are the same as those described in section 2.2 and 3.2. However, 100 vol. % CO was 

used for each reduction experiment, where more whiskers would be generated, and the 

defluidization tendency is higher than those in H2 atmosphere as reported by Du et al. 
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(2016). The fluidization behavior during the reduction was characterized by the 

pressure drop profile like Fig 5.1. A dramatic fall of the pressure drop curve showed 

the occurrence of defluidization. The fluidization time in this study represents the total 

reducing time in each experiment. For the defluidized samples, the fluidization time 

represents the time from the beginning of the reduction to the occurrence of 

defluidization.  
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Fig. 5.1 Typical pressure drop curve when defluidization occurs 

5.3  Results and discussion  

5.3.1  Fluidization behavior of raw and pre-oxidized SA TTM  

To investigate the effect of pre-oxidation on the fluidization behavior of SA 

TTM, the variation of both fluidization time and MD with gas velocity was studied for 

raw and samples pre-oxidized at 850 oC for 30 min with the reduction under CO at 900 
oC, and results are plotted in Fig. 5.2 & 5.3. The fluidization time and metallization 

degree increase with increasing gas velocity for both raw and pre-oxidized samples, 

such that over 90 % MD can be achieved at the critical gas velocity (Vc) without fine 

particle elutriation. Typically, an MD value of 90 % is desirable for the DRI product, 

because this value is high enough to allow the material to be utilized for subsequent 

steel-making processes (He et al., 2017). However, the critical gas velocity for the raw 

and pre-oxidized samples are significantly different. For the raw ore sample, the critical 
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gas velocity at which steady-state fluidization can be achieved was 0.39 m/s (Raw Vc) 

as shown in Fig. 5.2. For the pre-oxidized (pox) sample, the critical gas velocity was 

considerably lowered to 0.17 m/s (Pox Vc) as shown in Fig. 5.3. This implies that 

oxidation pretreatments can reduce the tendency of defluidization for the subsequent 

reduction process. 
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Fig. 5.2 Variations in the fluidization time and the MD with gas velocity for raw SA TTM reduced 

by CO at 900 °C 
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Fig. 5.3 Variations in the fluidization time and the MD with gas velocity for a sample pre-oxidized 

at 850 oC for 30 min and reduced by at 900 °C 



Chapter 5 The effects of pre-oxidation on the fluidization behavior of SA TTM 
  

93 
 

To further investigate the reason for the oxidation-induced improvement, the 

metallization curve and the final product morphology of samples pre-oxidized at 850 
oC for 30 min and raw samples (reduction gas velocity 0.17 m/s) were investigated.  

The metallization degree curves illustrated in Fig. 5.4 (a) shows that the as-

reduced raw SA TTM sample defluidizes after 15 min, with an MD of 38.75 %, while  

the pre-oxidized sample, on the other hand, could be reduced to an MD > 90 % without 

any apparent defluidization even after the fluidizing time for 120 min. The 

corresponding product morphology of the as reduced raw samples defluidized after 15 

min and pre-oxidized sample reduced for 120 min are shown in Fig. 5.4 (b-e). The raw 

ore sample was characterized by fibrous iron morphology (with thin long iron whiskers 

about 7 microns in height and < 0.3 microns at the tip) as shown in Fig. 5.4 (b), and a 

buildup of metallic iron occurred on the particle surface as shown by the cross-sectional 

view in Fig. 5.4 (c). On the other hand, the as-reduced pre-oxidized sample was 

characterized by a granular iron morphology as shown in Fig. 5.4 (d), and the buildup 

of metallic iron is not observed as shown by cross-sectional view in Fig. 5.4 (e). 

Additionally, the specific surface areas of the as-reduced samples are 1.433 m2/g and 

6.606 m2/g for pre-oxidized and raw SA TTM samples, respectively. The specific 

surface area of the as-reduced defluidized SA TTM sample was about five times that of 

the as reduced pre-oxidized sample. The higher the specific surface area, the higher the 

probability of iron-iron contact, and hence the higher the defluidization tendency 

(Zhang et al., 2012). Moreover, from previous studies (Gong et al., 2014; Komatina and 

Gudenau, 2004; Miyagawa et al., 1992; Gransden et al., 1970), the defluidization 

tendency has been reported to be higher in the presence of iron whiskers, which was 

attributed to two reasons. One is the hooking effect of iron whiskers, and the other is 

due to the high activity of the top end of the iron whisker, an iron whisker on one particle 

can act as a super-saturation crystallization center of the Fe atom when in contact with 

another iron particle. The Fe atom diffuses quickly to the cavity on the iron whisker, 

forming fresh crystallization, leading to the formation of a solid bridge between iron 

particles. Based on the above analyses, the easier defluidization can be mainly attributed 

to the whisker formation for the as-reduced raw SA TTM samples. 
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Fig. 5.4 Characterization of the ores reduced by CO at 900 oC; (a) metallization curves, (b) and (c) 

surface morphology and crossection of raw SA TTM (MD 38.75 %), (d) and (e) surface 

morphology and cross-section of the pre-oxidized sample (MD > 90 %) 

To further clarify the precipitation mechanism of fibrous and granular iron 

morphology in the present study, the surface morphology of the pre-oxidized and raw 

TTM samples prior to reduction was examined. As shown in Fig. 5.5 (a), the raw ore 

sample was characterized by a dense surface morphology, while after peroxidation, the 

(c) 

(e) (d) 

(b) (c) 
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dense surface morphology was destroyed by the formation of hematite granules on the 

particle surface, as shown in Fig. 5.5 (b). This morphological change appears to have 

caused the subsequent differences in the product iron morphology, and hence the 

different fluidization characteristic of the pre-oxidized and raw SA TTM sample. 

  

Fig. 5.5 Surface morphology of raw (a) and sample pre-oxidized  

at 850 oC for 30 min (b) 

The reduction of iron oxide starts with nuclei formation on the exposed surface 

of the iron oxide. The number and distribution of iron nuclei are dependent upon the 

structural features of the iron oxide (Gupta et al., 1989; Rao, 1979). The oxidation 

pretreatment destroys the original dense structure of the raw ore surface by the 

formation of numerous micro-scale hematite crystal which serves as the probable site 

for iron nucleation. The subsequent reduction will result in the production of numerous 

iron nuclei at the initial reduction period which grows simultaneously as individual 

grains, which subsequently is difficult to coarse to form whiskers, thus resulting in a 

granular iron morphology. Conversely, for the raw ore with a dense surface morphology, 

fewer nuclei of iron would form on the surface and their growth will result in fibrous 

iron morphology. This result is consistent with the work of Jones (1975), who reported 

that oxidation pretreatment results in the generation of numerous iron nuclei on the 

oxidation-generated subgrain boundaries, and as a result, the metallic iron is evenly 

distributed as individual micro grain in the reduced particles, and pre-oxidation is not 

conducive for the next growth stage of metallic iron.  

 

(a) (b) 
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5.3.2  Effect of oxidation conditions 

To investigate the effect of oxidation condition on the fluidization behavior of 

the SA TTM, samples pre-oxidized at 750-950 oC for 5min to 120 min were reduced at 

900 oC under 100 % CO atmosphere with a gas velocity of 0.17 m/s. As shown in Fig. 

5.6, the fluidization behavior can be divided into three operating regions: defluidization, 

stable fluidization, and unstable fluidization. Typical pressure drop curves used to 

identify the different fluidization behavior are shown in Fig. 5.7. At lower oxidation 

condition (LOC) with the oxidation degree (OD) less than 26 %, all the samples 

defluidized within 40 min (MD ≤ 81 %). However, the minimum defluidization time 

was 25 min (MD 58.05 %) for sample pre-oxidized at 750 oC for 5 minutes, which was 

still higher than the 15 min (MD 38.75 %) defluidization time for the raw concentrate, 

indicating that even at the low oxidation temperature, the fluidization time can still be 

extended. At intermediated oxidation conditions (IOC) with the OD between 26-86 %, 

the samples could be kept in stable fluidization for over 120 minutes. Finally at higher 

oxidation conditions (HOC) with the OD ≥ 86 %, although the samples can be kept in 

the fluidized state until the metallization of about 90 %, defluidization still occurs at 

about 90 min. This implies that the fluidization was unstable at high oxidation 

conditions. 
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Fig. 5.6 Fluidization phase diagram for samples pre-oxidized at 750-950 oC for 5-120 min and 

reduce with 0.17 m/s CO gas at 900 oC 
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Fig. 5.7 Typical pressure drop profiles of the fluidization process at the different oxidation 

conditions. LOC (pre-oxidized at 750 oC for 15 min), IOC (pre-oxidized at 800 oC for 45 min) and 

HOC (pre-oxidized at 850 for 120 min) 

To investigate the reason for the variation in the fluidization behavior at 

different oxidation conditions, representative samples at the different fluidization 

conditions were thus analyzed. The surface morphology of the as-reduced samples pre-

oxidized at the LOC, IOC and HOC were examined. For samples pre-oxidized at 750 
oC for 15 min, the reduced samples were characterized by a short thick coral-like iron 

whisker as shown in Fig. 5.8 (a). For samples pre-oxidized at 800 oC for 45 min, the 

reduced samples were characterized by a granular iron morphology as shown in Fig. 

5.8 (b), and the samples could be kept in a stable fluidized state for over 120 min (MD > 

90 %). Whereas, for samples pre-oxidized at 850 oC for 120 min, the reduced samples 

were characterized by a conical iron morphology as shown in Fig. 5.8 (c) and 

defluidization occurred at ~ 90 min with the MD > 90 %. According to the theory of 

microcrystalline melting (Cheng, 1995), the smaller the radius of curvature of nano-

microstructure on the surface of a matter, the lower its melting point. From Fig. 5.8 (a) 

and (c), it can be seen that the size of the iron whiskers was smaller than the conical 

iron. Hence, the iron whiskers tend more easily to sticking due to sintering than that of 

the conical iron morphology. Therefore it is easier for the samples pre-oxidized at IOC 

to defluidize than those of IOC and HOC. Consequently, the fluidization times were 

extended to 120 min for the IOC samples ~ 90 min for the HOC samples. Compared to 
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the product iron morphology of the as-reduced raw TTM sample in Fig. 5.4 (b), the 

generated iron whisker on the sample pre-oxidized at 750 oC for 15 min is shorter and 

thicker, which weakens the hooking effect of the iron whiskers. Therefore the 

fluidization quality of samples pre-oxidized 750 oC for 15 min was improved as 

compared with those of the raw ore samples. As a whole, the fluidization quality is 

improved by oxidation pretreatments at all oxidation conditions. 

 

  

Fig. 5.8 Product iron morphology for samples pre-oxidized at the different conditions and reduced 

with 0.17 m/s CO at 900 oC. (a) sample pre-oxidized at 750 oC for 15 min (defluidization at 38 

min, MD 81 %); (b) sample pre-oxidized at 800 oC for 45 min (stable fluidization condition- RT 

120 min, MD > 90 % ) and (c) sample pre-oxidized at  850 oC for 120 min (unstable fluidization 

condition- DF 90 min, MD > 90 %) 

To investigate the reason for variation iron morphology at the different 

oxidation conditions, the surface morphology of the oxidized samples prior to reduction 

was analyzed. For sample pre-oxidized at the LOC, the surface of the oxidized sample 

is characterized by nano-scale hematite crystal as shown in Fig 5.9 (a). For samples pre-

oxidized at the IOC, the oxidized sample is characterized by micro grade individual 

hematite crystals as shown in Fig. 5.9 (b). Whereas for samples pre-oxidized at HOC, 

(b) (c) 

(a) 
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solid phase sintering occurs as indicated by Fig. 5.9 (c), which implies that the structural 

unit of surface hematite layer becomes noticeably mobile and the surface hematite layer 

is sintered into larger crystal size. The solid surface sintering is only observed at 

oxidation temperature ≥ 850 oC, after oxidation time of 45, 30 and 10 min at 850, 900 

and 950 oC respectively. 

 

  

   

Fig. 5.9 Surface morphology of pre-oxidized  samples. (a) Samples pre-oxidized at the LOC, (b) 

samples pre-oxidized at the IOC, and (c) samples pre-oxidized at the HOC 

With a constant particle size, the number of iron nucleation site is related to the 

size of the surface hematite crystals on the oxidized samples. For sample pre-oxidized 

under the low oxidation condition (characterized by nano-scale hematite crystal), 

during the reduction process, numerous amount of iron nuclei are formed which grows 

into nano-scale iron grains with high activity. Therefore, it would be easy for the iron 

grain to sinter together and forms short thick iron whiskers, which results in 

defluidization. At the intermediate oxidation condition (characterized by micro-grade 

hematite crystal), a moderate amount of iron nuclei are formed during the reduction 

process which grows into large individual micro scale iron grain that has not been 

(a) 

(b) (c) 
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sintered together to form iron whiskers and granular iron morphology is thus formed. 

Therefore the hooking effect of the iron whiskers is prevented and steady state 

fluidization can be attainable. Finally at higher oxidation condition (characterized by a 

larger hematite crystal), smaller amounts of iron nuclei are formed at the initial 

reduction stage, however, due to the large size of the hematite crystal, there is a 

sufficient supply of metallic to facilitate the growth of a conical iron morphology, 

resulting in unstable fluidization.  

As previously stated, the current mainstream method of suppressing 

defluidization during high temperature reduction process such as carbon coating, inert 

addition, addition of external force, granulation method, bed structure improvement 

(Lei et al., 2016; Guo et al., 2015; Valverde and Castellanos, 2006) can prevent 

defluidization during iron ore reduction. However, they are accompanied by certain 

limitations such as the introduction of impurity oxide, the decrease in reduction 

efficiency, high equipment cost, and complicated operation procedure, etc. Oxidation 

pretreatment provides a novel approach to suppressing defluidization during the high 

temperature reduction process without any of the above limitations for TTM direct 

reduction. The essential difference compared with previous methods is that the 

peroxidation method is based on changing the phase structure of the ore which affects 

the reduced iron morphology and in turn reduces the adhesive force between particles. 

Ultimately, by the pre-oxidation method, both reduction efficiency and fluidization 

quality are improved, which will be more beneficial for processing complex iron ore 

such as TTM. 

5.4  Summary of this chapter 

The effect of oxidation on the product iron morphology and its relationship to 

the fluidization behavior of SA TTM was systematically investigated. The result shows 

that by oxidation pretreatment the critical gas velocity at which steady state fluidization 

can be achieved is reduced from 0.39 m/s to 0.17 m/s. The direct reduction of the raw 

SA-TTM is characterized by long iron whiskers and defluidization easily occurs, 

whereas pre-oxidation pretreatment leads to stable fluidization due to the modification 

of the product iron morphology from whiskers to granular morphology.  

Based on the relationship between oxidation product morphology and the 

resultant product iron morphology after reduction, the fluidization behavior of SA TTM 
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pre-oxidized at 750-950 oC, can be divided into three operating regions: defluidization, 

stable fluidization, and unstable fluidization. At low oxidation condition (OD ≤ 26 %), 

where the oxidized surface consists of nano-scale hematite crystal, the resultant iron 

morphology after reduction is characterized by thick short iron whiskers and 

defluidization occurs. At intermediation oxidation condition (OD between 26-86 %), 

where the oxidized surface is characterized by individual micro-grade hematite crystals, 

the resultant iron morphology after reduction is characterized by granular iron 

morphology and stable fluidization can be achieved. Finally, at higher oxidation 

condition (OD ≥ 86 %), where the oxidized hematite layer has been sintered, and the 

resultant iron morphology after reduction is characterized by conical iron morphology 

and unstable fluidization occurs. 
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CHAPTER 6  MAIN CONCLUSION AND OUTLOOK 

The direct reduction (DR)-EAF smelting separation process, (the two-stage 

short process), has been proposed to be a more practical and effective way of 

utilizing both the iron and titanium components in TTM. Compared with the direct 

reduction of common iron ores, the reduction of titania-ferrous oxides in 

titanomagnetite ores requires a much higher reduction potential than ordinary iron 

oxides, resulting in a low metallization degree and high production cost. To break 

through the thermodynamic limitations of titanium-containing iron oxides and improve 

the reaction efficiency in the direct reduction process, the relationship between the 

reduction potential and the full phase transformation of composite TTM was 

investigated. According to this, the stoichiometric relationship between actual 

equilibrium metallization degree and reduction potential has been built. Furthermore, 

by analyzing the effect of pre-oxidation degree on the reduction and their associated 

phase transformation, the mechanism of pre-oxidation on the TTM reduction was 

clarified. Finally, based on the oxidation pretreatment, a new method of improving 

fluidization during the reduction of TTM was established. The major conclusions are 

as follows: 

(1) The phase transformation in the isothermal equilibrium and non-equilibrium 

reduction of SA TTM by CO was investigated. It was found that the reduction-

formed FeO will combine with FeO·TiO2 to form 2FeO·TiO2 during the reduction 

process. This dynamic phase transition would lower the actual metallization degree 

by about 15.39 % after the first reduction step of iron oxides for SA TTM under CO-

CO2 gas equilibrium reduction condition. According to this, the actual equilibrium 

relationship between the metallization degree and the equilibrium CO-CO2 gas 

reduction potential was established together with accompany phase combination and 

impurity effect quantitatively. 

(2) With respect to improving the reduction efficiency of SA TTM, the influence of 

high temperature (825-950 oC) oxidation on the subsequent reduction was 

investigated. The result showed that the reduction efficiency of SA TTM was 

improved by the pre-oxidation treatment, mainly because of the dissociation of 

titania-ferrous oxides to easily reducible free Fe2O3. However, the generation of the 
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pseudobrookite phase would decrease the amount of free hematite available for 

reduction, which weakens the improvement effect of pre-oxidation. Also, when, the 

peroxidation temperature is greater than 900 oC, the improvement effect on the 

reduction rate becomes weak, due to the high-temperature sintering and the large 

crystallite size caused by the high temperature oxidation. By analyzing the 

stoichiometry equilibrium reduction path for pre-oxidation TTM, the optimal value 

was obtained for the pre-oxidation influence due to the competitive relationship 

between the amount of generated pseudobrookite and the free hematite. For samples 

pre-oxidized at 900 oC, the optimum pre-oxidation time is ~30 min, and the reduction 

metallization degree of SA TTM can be relatively improved by 14.5 % and 4.5 % for 

the first and second reduction step, respectively. 

(3) To optimize the effect of oxidation pretreatment on the reduction efficiency, the 

behaviors of low temperature (700-825 oC) oxidation were systematically 

investigated to study the phase transformation and its effect on subsequent reduction. 

The results show that 800 oC is the transitional temperature of the pseudobrookite 

phase generation, where hematite and rutile phases are the oxidation products below 

800 oC, while pseudobrookite is the stable phase above 800 oC. Within the oxidation 

temperature range of 700-825 oC, the effect of peroxidation on the subsequent 

reduction can be divided into two processes. At oxidation temperature ≥ 800 oC, 

where the pseudobrookite can be generated, there exist two peak values for the 

maximum effect of pre-oxidation on reduction improvement. Whereas, at the 

oxidation temperature ≤ 775 oC, where the pseudobrookite cannot be generated, the 

reduction metallization degree increases linearly with increasing the oxidation degree. 

Ultimately, the thermodynamic limitation of the pseudobrookite phase reduction can 

be overcome at lower oxidation temperature, and the reduction metallization degree 

can be further improved to 26.96 % and 7.4 % for the first and second step 

respectively. 

(4) The effect of oxidation on the metallic iron morphology and its relationship to the 

fluidization behavior was systematically investigated. The result shows that by 

oxidation pretreatment the critical gas velocity, at which steady state fluidization can 

be achieved, is reduced from 0.39 m/s to 0.17 m/s. The direct reduction of the raw 

SA TTM is characterized by long iron whiskers and defluidization easily occurs. By 

oxidation pretreatment, the metallic iron is modified to granular morphology, and 
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stable fluidization can be achieved. Based on the relationship between oxidation 

product morphology and the resultant iron morphology after reduction, the 

fluidization behavior of SA TTM pre-oxidized at 750-950 oC can be divided into 

three operating regions: defluidization, stable fluidization, and unstable fluidization. 

Stable fluidization can be achieved at intermediation oxidation condition (OD 

between 26-86 %), where the oxidized surface is characterized by individual micro-

grade hematite crystals, and resultant iron morphology after reduction is granular. 

(5) Within the thesis experimental range, considering the pre-oxidation efficiency and 

combining with the reduction temperature, the process parameters are suggested to 

be set 825 oC 15min pre-oxidation and 850 oC direct reduction.  

6.1  Major innovations 

(1) The difficulty in the reduction of TTM was clarified and the actual equilibrium 

reduction pathway for composite TTM was built, which can serve as a guide to 

determine the final reduction metallization degree at different reduction potentials.  

(2) The improving mechanism of oxidation on the direct reduction of TTM has been 

clarified, and it was found to be divided into high and low temperature oxidation 

reduction pathway, which can provide scientific guide for the improvement of 

practical production. 

(3) Oxidation pretreatment as a mean of improvising the fluidization behavior of TTM 

was established. Through the pre-oxidation method both reduction efficiency and 

fluidization quality are improved, which will be more beneficial for processing 

complex iron ore such as TTM.  

6.2  Future plans  

Based on the research content and progress of this thesis, the following points are 

proposed for future works. 

(1) Dynamic of the combination reaction in the direct reduction of TTM  

As reported in this thesis, the reduction process is significantly affected by the 

combination reaction (generated FeO can combine with FeO·TiO2 to form 2FeO·TiO2 

in the reduction process). By accelerating the reduction of FeO to Fe such that the 
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velocity of the reduction reaction is faster than that of the combination reaction, the 

metallization degree would be further improved. Therefore, a systemic study on the 

dynamic of the combination reaction is very important.  

(2) Effect of oxidation pretreatment on the fluidization behavior of different kinds of 

iron ores in the direct reduction process 

Oxidation pretreatment has been established as an effective means of improving 

the fluidization quality by modifying the surface iron oxide layer and has significant 

advantages over other methods of preventing defluidization. Further intensive study of 

the effect of oxidation pretreatment on the fluidization behavior of different kinds of 

iron ores containing the magnetite phase would be beneficial to promote the complex 

iron ore utilization with higher efficiency. 
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