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ABSTRACT 

Direct reduced iron (DRI) technologies for iron production have been developed as an 

alternative route for direct iron ore reduction with a reductant gas, alleviating the need for 

separate cokemaking and sintering. This study aimed to provide an insight into the DRI 

production using H2 in terms of elemental content change and chemical structure evolution for 

improved environmental control of the process. In this work, goethite sample was treated from 

room temperature to 1000 °C in 10 vol% H2 in helium in a fixed-bed reactor. The investigated 

elements were divided into three groups: i) major elements (Fe and Al), ii) alkali and alkaline 

earth metal elements (mainly Na, K and Ca), iii) transition and post-transition metals (Ni, Cu, 

Zn, Pb, Cd, etc.) and iv) non-metal and metalloid elements (P, S, As, etc.) The elemental changes 

of iron ore with temperature were firstly determined by X-ray fluorescence (XRF) analysis and 

inductively coupled plasma–mass spectrometry (ICP-MS). X-ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FT-IR) and Raman spectrometry were employed to confirm 

the reactions and investigate the iron ore’s chemical changes during the direct reduction. XRD 

analysis indicated the stepwise reduction of goethite → hematite → magnetite → wustite for 

the goethite sample. FT-IR and Raman spectrometry revealed the transformation of chemical 

groups with temperature. Results showed that no obvious changes could be noticed after 

heating the sample to 200°C in terms of the elemental contents and chemical structure. Further 

treatment of the sample to 500°C and subsequently 1000°C resulted in the content changes of 

some elements  due to the weight loss of hydrated water by heating and reduction of the ore 

sample, respectively. 

 

KEYWORDS: Direct reduction of iron ore (DRI); Hydrogen; Temperature; Elemental 

contents; Chemical structure 
 

 

1. INTRODUCTION 

It is predicted that the global steel production will double during 2012–2050 due to the higher demand 

primarily from developing countries (Pauliuk et al., 2013; Vogl et al., 2018). Around 60% of the global 

pig iron production is produced by the traditional iron processes involving iron oxide reduction in a blast 

furnace (BF). The BF process, where the required heat and reducing agents are supplied by the 

incomplete combustion of coke, is highly energy and emissions (e.g., SOx, NOx, particulate matters and 

VOCs) intensive with significant investments (Kan et al., 2016; Luo et al., 2011). Technical 



transformation in non-blast furnace technologies, which are independent of metallurgical coke 

production, have been developed to fulfill the future market, such as direct reduction of iron ore (DRI) 

which has been increasingly attracting research and commercialisation efforts. A DRI process uses gas 

or solid reductant (e.g., coal, H2 and/or CO) to directly reduce the iron ore to metallic iron under 

softening temperatures, featuring the advantages of improved energy saving and environmental 

performance mainly due to the elimination of coking and sintering (Man et al., 2014a; Man et al., 2014b). 

Although in the foreseeable future, the BF will continue to dominate the worldwide ironmaking market, 

the DRI production will be steadily increasing. 

Many research efforts have been devoted to different aspects of the DRI process. Dilmac et al. (2015) 

investigated the direct reduction mechanism of Attepe iron ore with hydrogen in a fluidized bed, and 

found that the reduction process involved two stages consisting of low reduction controlled by nucleation 

of wustite and formation of metallic iron layers by gas/solid reaction at metallic iron/wustite interface. 

The operation stability for DRI is also significant. To avoid the defluidisation caused by sticking 

tendency of DRI particles in a fluidised bed, a two-step process coupling carbon precipitation reaction 

with reduction reaction of fine iron ore in a H2-CO atmosphere was developed to modify the ore surface 

and thus cohesive force among DRI particles (Zhang et al., 2014). Studies have also been performed to 

investigate the effects of the reducing agent types and composition on the DRI process performance. 

Reduced Iron ore concentrate was reduced under H2 and CO atmospheres and observed that the mass 

loss was not significantly affected by atmosphere below 800°C and H2 enabled higher reduction rate 

than CO above 900 °C. The promotion of reduction by H2 was attributed to the formation of porous and 

fibrous iron (Man & Feng, 2016) . 

More research is still required on the change of iron ore properties under H2 atmosphere. The behavior 

of elements (especially those of environmental concerns) in iron ore during reduction is of great interest 

and needs exploration. Previously, we investigated the trace element deportment and particle formation 

behaviour during DRI process in a circulating fluidised bed (CFB) reactor under H2 atmosphere with 

emphasis on the risk assessment (Kan et al., 2015). This work aimed to evaluate the evolution of 

elements especially the heavy metals and chemical structure during reduction under H2 with temperature. 

The raw goethite iron ore and the residual solids at 200, 500 and 1000 °C were characterised by various 

methods, including X-ray fluorescence (XRF), inductively coupled plasma–mass spectrometry (ICP-

MS), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), and Raman 

spectrometry. This research will provide an insight into the environmental and process performance of 

an industrial DRI process, benefiting its further commercialisation.  

 

2. EXPERIMENTAL 

2.1. Iron ore sample and reduction process 

The goethite iron ore sample with the chemical formula of FeO·(OH) used in this study was from 

Western Australia. The iron ore was crushed into powder (< 0.074 mm) and then subjected to 

programmed heating from room temperature to designated temperatures (200, 500, and 1000 °C) at 5 

°C/min in a reductive atmosphere of 10 vol.% H2 in He.  

2.2 Elemental analysis 

The elemental contents of the raw goethite and the reduction products at different temperatures were 

tested by two different methods. The concentrations of Na, Mg, Al, Si, P, S, Ca, Mn and Fe (in order of 

atomic weight) were analysed through Borate Flux bead sample preparation followed by Wavelength 

Dispersive X-ray fluorescence (XRF) spectrometry. Li, K, Sc, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Sr, Mo, 

Cd, Sn, Sb, Ba, La, Ce and Pb were tested through four acid digestion followed by inductively coupled 

plasma mass spectrometry (ICP-MS).  

2.3 X-ray diffraction (XRD) 

XRD was performed using a diffractometer (model: Malvern Panalytical Aeris) combining the 300 W 

high voltage generator operated at 40 kV/7.5 mA, the Empyrean X-ray tube Cu LFF and PIXcel1D line 

detector. The scans were carried out in the 2  range of 10–70° at a step size of 0.04. 



2.4 Fourier-transform infrared spectroscopy (FT-IR) and Raman spectrometry 

2.4.1 FT-IR 

A Nicolet iS50 FTIR spectrometer with Continuum IR microscope and in-built diamond ATR was 

employed to investigate the chemical functional groups of the samples. The FT-IR spectra were obtained 

over the 4000–400 cm−1 range with a resolution of 4 cm−1 and a data spacing of 0.482 cm−1. 

2.4.2 Raman spectroscopy 

Raman spectra were collected using a Renishaw 1000 Raman microscope system equipped with a 

monochromator, filter system and a Charge Coupled Device (CCD) detector. Each sample was loaded 

on the stage of an Olympus BHSM microscope and focused before the microscope was switched to 

Raman mode. A HeNe laser (633 nm) at a nominal resolution of 2 cm-1 was employed to excite the 

Raman spectra with a range of 100–4000 cm-1. GRAMS (Galactic Industries Corporation, NH, USA) 

software package was used to perform the baseline correction/adjustment and smoothing of FT-IR and 

Raman spectra. 

 

3. RESULTS AND DISCUSSION 

3.1 Behavior of elements during reduction 

3.1.1 Mass remaining ratio (%) 

Elemental analysis of the goethite and the processed samples at different temperatures (200, 500 and 

1000°C) were performed to study the deportment of elements during direct reduction of the goethite. 

The results are presented in Table 1 in which the studied elements are divided into 6 major groups based 

on the periodic table: metalloid, other non-metals, alkali and alkaline earth metals, transition metals, 

post-transition metals, and lanthanoids. In each group, the elements are listed in order of atomic weight.  

 

Table 1. Elemental contents of raw and reduced iron ore samples. 

Groups of elements Elements 
Contents (mg/kg) 

GL-raw               GL-200               GL-500               GL-1000              

Metalloids 

Si 10000 10300 11100 11500 

Ge  4.2 4.4 4.6 5 

As nd 5 nd nd 

Sb 1 0.9 1.1 0.6 

Other non-metals 

P 970 950 1100 1200 

S 70 70 40 10 

Alkali and alkaline 

earth metals 

Li 0.7 0.7 0.8 0.7 

Na nd 200 nd 100 

Mg 800 800 1000 1000 

K 24 24 32 39 

Ca 200 200 300 200 

Sr 1.7 1.6 2.1 2.3 

Ba 3.8 4.4 4.4 4.6 

Transition metals Sc 0.8 0.9 0.9 0.9 



Cr 5 5 9 12 

Mn 900 870 970 1000 

Fe 601000 596000 655000 703000 

Co nd 2 2 2 

Ni 7 7 6 9 

Cu      5 5 5 5 

Zn   15 26 20 56 

Mo 1.1 1.3 1.8 1.4 

Cd              nd nd nd nd 

Post-transition metals  

Al 5900 6300 6800 6900 

Ga 0.8 0.8 0.8 1 

Sn   1 3 1 1 

Pb  0.9 1.1 1.3 nd 

Lanthanoids 

La 2.7 2.8 3 3.4 

Ce 8.5 8.6 9.1 10.3 

Note: nd means ‘not detected’. 

As observed from Table 1, for the raw goethite sample (the 3rd column), Fe (in group of transition metals) 

was the most abundant element with a concentration of 601000 mg/kg (i.e., 60.1 wt%) followed by Si 

(10000 mg/kg, metalloid), Al (5900 mg/kg, post-transition metals), Mg (800 mg/kg, alkali and alkaline 

earth metal), P (970 mg/kg, other non-metal), Mn (900 mg/kg, transition metals) and Ca (200 mg/kg, 

alkali and alkaline earth metal). Some impurity elements especially the heavy metals with environmental 

pollution concerns, such as As, S, Cr, Cd and Pb were also tested. As and Pb in the raw sample were not 

detected due to their extreme trace amounts below the equipment detection limit or possible non-

existence. Generally, there were no obvious changes in the contcentrations of most elements at reduction 

T = 200 °C, compared to the raw goethite. 

When the temperature was further increased to 500°C and further to 1000 °C, there was an increase in 

the concentration for most elements, which should be mainly caused by the loss of sample mass due to 

the removal of moisture and oxygen element. For example, the Fe content was 60.1%, 59.6%, 65.5% 

and 70.3% corresponding to the GL-raw, GL-200, GL-500 and GL-1000, respectively. The increase in 

temperature from 200 to 500 °C induced decrease in the S content from 70 to 40 mg/kg. Further increase 

of temperature to 1000 °C resulted in a sharp drop to 10 mg/kg. This indicated that the evaporation of S 

took place between 200–500 °C and a higher temperature enhanced its evaporation from the solid matrix. 

A decrease in the Sb content from 1.1 to 0.6 mg/kg was also noticed when increasing the temperature 

from 500 to 1000 °C. Noticeably, the evolution of Pb was not obvious at 500 °C, however, Pb was 

almost removed when heating the goethite to 1000 °C. 

To present the changing trends of elements with reduction temperature, the remaining mass ratio of each 

element (%, relative to the GL-raw) was presented in Table 2 by taking into account both of the elemental 

contents (Table 1) and the recorded remaining mass of the samples at different temperatures. The data 

in Table 2 represents the absolute mass of each element for a certain amount (i.e., 100) of the raw sample. 

Generally, the values for most elements are around 100% with acceptable errors, which indicate that 

these non-volatile elements remained in the solid sample. Results showed that 50% of Sb remained in 

the solid at T = 1000 °C, while with respect to S, about 50% retained in the solid at 500 °C with only 

12% at 1000 °C.  

Table 2. Remaining mass ratio (%) of elements in reduced samples. 



Groups of elements Elements 

Remaining mass ratio of elements (%, relative to 

raw sample) 

GL-RAW GL-200 GL-500 GL-1000 

Metalloid 

Si 100 100.8 97.9 96.1 

Ge  100 102.6 96.6 99.5 

As 100 NA NA NA 

Sb 100 88.1 97.0 50.1 

Other non-metal  

P 100 95.9 100.0 103.4 

S 100 97.9 50.4 11.9 

Alkali and alkaline 

earth metal  

Li 100 97.9 100.8 83.6 

Na 100 NA NA NA 

Mg 100 97.9 110.3 104.5 

K 100 97.9 117.6 135.8 

Ca 100 97.9 132.3 83.6 

Sr 100 92.1 109.0 113.1 

Ba 100 113.4 102.1 101.2 

Ttransition metals 

Sc 100 110.1 99.2 94.0 

Cr 100 97.9 158.8 200.6 

Mn 100 94.6 95.1 92.8 

Fe 100 97.1 96.1 97.7 

Co 100 NA NA NA 

Ni 100 97.9 75.6 107.4 

Cu      100 97.9 88.2 83.6 

Zn   100 169.7 117.6 312.0 

Mo 100 115.7 144.3 106.4 

Cd              100 NA NA NA 

Post-transition metals  

Al 100 104.5 101.7 97.7 

Ga 100 97.9 88.2 104.5 

Sn   100 293.7 88.2 83.6 

Pb  100 119.6 127.4 NA 

Lanthanoids 

La 100 101.5 98.0 105.2 

Ce 100 99.0 94.4 101.3 

Note: NA means ‘not applicable’. 

 

3.1.2 Reduction degree of iron ore 

The reduction degree (RD, %) of iron ore can be calculated as the mass of oxygen element removed 

during reduction divided by the total mass of oxygen in iron oxides in the raw ore (Dilmac et al., 2015; 



Yi et al., 2013). The reducible oxygen content of the gangue materials by H2 can be neglected due to 

their small amounts relative to the much larger amount of iron element (Chen et al., 2015; Yi et al., 

2013; Yi et al., 2015). As shown in Table 1, the elements of major amounts on dry basis, including Fe, 

Si, Al, Mg, P, Mn and Ca, have been listed. Thus, the oxygen content of each sample can be calculated 

by difference, and RD is subsequently determined by the following equation: 

RD (%) = (M0 - MT)/M0*100 = (C0 - CT*T)/C0*100 

Where M0 is the oxygen mass in the original iron ore, MT is the oxygen mass in the ore processed at 

temperature T (T = 200, 500 and 1000 °C), C0 is the oxygen content of the original iron ore, CT is the 

oxygen content of the ore processed at temperature T, RT is the mass ratio of the ore processed at 

temperature T to the original iron ore. 

At T = 200 °C, the processed goethite did not show any obvious oxygen removal and the reduction 

degree is zero. The calculation results indicated the RD of 24.9% and 39.6%, respectively, for the 

goethite processed at T = 500 and 1000 °C. Obviously, the increase in the reduction temperature led to 

a higher RD. 

3.2 Crystalline phase by XRD 

XRD allows the phase identification of iron ores at different reduction temperatures, as shown in Figure 

1.  
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Figure 1. XRD patterns of iron ore reduced at different temperatures. 

 

The XRD pattern of GL-raw sample consists of typical goethite peaks, which was well consistent with 

previous studies (Liu et al., 2013). Compared to GL-raw, GL-200 did not exhibit much difference in the 

peak positions except for the negligible peaks for the hematite. When increasing the temperature from 

200 to 500°C, all the goethite peaks disappeared and they were replaced by hematite peaks due to the 

formation of hematite through dehydroxylation Reaction 1 (Liu et al., 2004). The characteristic peaks 

of magnetite could also be observed as a result of the partial reduction of hematite (Reaction 2) (Oh & 

Noh, 2017). 

 

FeO(OH) (goethite) → α-Fe2O3 (hematite)                                                                Reaction 1 

α-Fe2O3 (hematite) + H2 → Fe3O4 (magnetite) + H2O                                               Reaction 2 

Fe3O4 (magnetite) + H2 → FeO (wustite) + H2O                                                       Reaction 3 



 

Generally, the reduction of hematite to magnetite could start below 530 °C and completed at around 

620–670 °C (Liu et al., 2004). As shown in the XRD pattern of GL-1000, the phases were a mixture of 

magnetite and wustite with some amount of remaining hematite when raising the reduction temperature 

to 1000 °C. The identification of magnetite and wustite peaks was in accordance to other published 

works (Yi et al., 2015). The formation of wustite was expressed as Reaction 3, which takes place at a 

temperatures above 570 °C (Schenk, 2011). 

3.3 Chemical structure by FT-IR and Raman spectrometry 

3.3.1 FT-IR results 

The functional groups of the raw and reduced ore at different temperatures were determined by the FT-

IR spectra, as shown in Figure 2. 
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Figure 2. FT-IR spectra of iron ores reduced at different temperatures. 

 

For the GL-raw sample, the peaks at 444 cm-1 indicated the presence of kaolinite and/or hematite 

(Schiavon, 2007; Strezov et al., 2010) and 601 cm-1 was possibly due to sulphate (Salama et al., 2015). 

The goethite structure was confirmed by the strong peaks at 796 and 891 cm-1 corresponding to O=Fe–

O–H vibrations (Strezov et al., 2010). The existence of organic structures was also identified. The band 

at 1788 cm-1 was possibly caused by the presence of nitrate (Salama et al., 2015). The broad absorption 

band centring at around 3106 cm-1 corresponded to the stretching of the OH group and bonded water 

(Strezov et al., 2010). 

When processing the GL at 200 °C (GL-200), all the IR peaks remained unchanged. With further 

increase of the temperature to 500 °C almost all bands disappeared as a result of transformation of 

goethite to hematite. The emerging peaks at 432 and 517 cm-1 were a result of the formation of hematite 

(Fe2O3) after heating (Strezov et al., 2010). The new band at 910 cm-1 was assigned to the hydroxyl 

deformation (Ruan et al., 2001), which was removed after heating the sample to 1000 °C. For the GL-

1000, only a band at 828 cm-1 and a small side peak at 856 cm-1 was identified, which was ascribed to 

the quartz after the removal of other previous overlapping bands (Omran et al., 2015).  

3.3.2 Raman spectroscopy results 



Raman spectroscopy can provide complementary mineralogical characterisation to infrared spectros-

copy. Figure 3 presents the Raman spectra of the iron ore processed at different final temperatures under 

reducing condition. 
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Figure 3. Raman spectra of iron ores processed at different final temperatures. 

 

The Raman spectrum of the GL-raw featured a wide and weak band at around 1317 cm-1, small peaks at 

689, 554, 484 and 248 cm-1, and strong peak at 389 cm-1 followed by medium peak at 303 cm-1. All the 

identified peaks arose from the goethite with the most outstanding peak at 389 cm-1 corresponding to 

Fe-O-Fe/-OH symmetric stretching, which aligned well with the Raman profile of the goethite in 

previous studies (de Faria & Lopes, 2007; Liu et al., 2013). GL-200 had a similar Raman profile as the 

GL-raw. After reducing the GL at 500°C, the sample exhibited different Raman profile with observed 

peaks at 1317, 613, 409, 292 and 223 cm-1 arising from hematite (Chamritski & Burns, 2005; Kremer et 

al., 2012; Smith et al., 2017), which is in accordance with the FTIR results of GL-500. The peak at 664 

cm-1 was assigned to Fe-O symmetric stretching in magnetite (de Faria & Lopes, 2007; deFaria et al., 

1997). The increase in temperature from 500 to 1000 °C resulted in the decline in the intensities of 

hematite peaks while the enhancement of the magnetite peak at 664 cm-1, due to reduction of the iron 

ore at higher temperature.  

 

4. CONCLUSION 

In this study, one goethite iron ore (GL) was investigated during its reduction under 10% H2 in He at 

different final temperatures of 200, 500 and 1000 °C. Elements’ behavior, crystalline phases, chemical 

functional groups, surface morphology with reduction temperature were examined. Results showed that 

the reduction temperature of 200 °C did not have obvious effects on the iron ore properties while 

increasing the temperature to 500 °C and 1000 °C generated obvious changes. Most elements 

experienced increase in concentration when the temperature was increased from 200 to 500 °C and 1000 

°C mainly as a result of enrichment in the solid structure while the hydroxyl and oxygen were lost during 

heating and reduction. The mass remaining ratios of the elements within the investigated temperature 

range generally kept constant at around 100%, with exception to some elements which were lost during 

heating and reduction due to their volatility. Compared to the raw iron ore, the contained Sb in the solid 

was greatly reduced by 50% while Pb was almost removed at 1000 °C. The S element was evaporated 

between 200-500 °C, remaining 50.4% and 11.9% at 500 and 1000 °C, respectively. XRD patterns 



showed the stepwise reduction from goethite to wustite. The evolution of chemical groups with 

temperature was consistent with the XRD results. 
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