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ABSTRACT. Reduction of iron ore directly by H2 has been developed as an alternative 

technology for iron production, which can alleviate pollutant emissions by eliminating the needs 

of cokemaking and sintering processes. However, the behavior of trace elements (especially the 

volatilisation of heavy metal(loid)s) in iron ore during reduction by H2 is still unclear and the 

relevant research is scarce in literature. This study aimed to provide an insight into the volitilisation 

behaviour of trace elements and the environmental assessment during reduction of Australian iron 

ore with H2 from room temperature to 1000 °C. The trace element concentrations in the iron ore 

at different reduction tempatures were analysed along with changes in chemical structure and 

surface morphology using X-ray diffraction, Fourier transform infrared spectroscopy, Raman 

spectroscopy and scanning electron microscopy. Results showed that the extent of As, S, Li, Sn 

and Pb volatilisation varied with temperature with nil (As), 22% (S), 82% (Li), Sn (82%) and Pb 

(72%) respectively remaining in the sample at 1000 °C. Simutaneously, stepwise reduction of iron 

ore (goethite → wustite) with temperature was confirmed. Pearson’s method of correlation was 

employed to determine the correlations between key indexes (LOI 1000, mass loss%, O loss% and 

loss ratios of elements) of goethite reduction. Results indicated that S loss exhibited a high 

correlation (r = 0.977) with Pb loss, implying the simultaneous volatilisation of Pb and S as well 

as possible presence of Pb and S-containing compounds, such as PbS in the sample. Li and Sn 

showed the coincidental simultaneous volatilisation as indicated by the highest correlation (r = 

1.000 with p ≤ 0.01). The kinetic analysis indicated that the volatilisation of above elements best 

fitted diffusion models (D1 or D3) with activation energy (E) ranging within 11.65–26.75 kJ/mol. 

Risk assessment analysis demonstrated a much higher risk score of iron ore reduciton at 1000 °C 

(value of 94.758) than 200 and 500 °C (value of 1–3) due to obvious volatilisation of As and Pb 

at high temperature. Life cycle impact assessment (LCIA) data confirmed four valid impact 

categories with human toxicity being the most significnat with the major contribution ascribed to 

As element. Generally, the hazardous elements released from the ore reduction process can be 

eliminated before their discharge into the environment. 

 

KEYWORDS: Direct reduction of iron ore; Heavy metal(loid)s; Pearson’s correlation analysis; 

Kinetic study; Risk assessment; Life cycle impact assessment  
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1. INTRODUCTION 

 

It is predicted that the global steel production will double from 2012 to 2050 primarily due to 

high demand from developing countries, such as China and India (Vogl et al., 2018). 

Approximately 60% of global pig iron production results from the traditional iron ore reduction 

in blast furnace (BF) (Luo et al., 2011). The BF process generally requires the material sintering 

treatment and metallurgical coke supply, which are both highly energy and emissions (e.g., SOX, 

NOX, PM2.5, VOCs, PAHs and PCDD/Fs) intensive and require significant additional 

investments (Kan et al., 2016). Non-BF technologies independent of sintering and coke-making, 

such as direct reduction (DR) of iron ore, have been attracting significant research and 

commercialisation efforts, with some technologies such as Midrex well established. DR process 

applies gas (e.g., H2 or CO) or solid reductant to directly reduce iron ore to metallic iron, 

demonstrating improved energy saving and environmental performance (Man et al., 2014). 

Strezov et al. (2013) compared the sustainability of BOF and DR technologies based on five 

quantitative indicators of economic parameters, greenhouse gas emissions, freshwater 

consumption, land use requirements and air pollution. Results showed that DR had much higher 

sustainability performance than BOF. 

 

Trace elements may involve hazardous heavy metal(loid) which are increasingly gaining great 

concerns, which may originate from different industrial activities, such as coal fired power plants 

(Sun et al., 2019a). Ironmaking and steelmaking industrial sectors are also significant 

contributors for heavy metal(loid) emissions to the environment. Due to gradual depletion of 

high-grade iron ores, low-grade ores with higher impurity contents (e.g., Pb, Cd, Cr and As) for 

ironmaking will become the main feedstocks. The emitted heavy metals may accumulate in 

riverbed sediments and agricultural farmlands (Chiu et al., 2019). Negative natures of heavy 

metals are associated with high toxicity, non-degradability, bioaccumulation and persistence, 

posing severe environmental and health risks when exceeding acceptable levels (Zheng et al., 

2015). Most studies on heavy metal contaminants are related to their dynamic and static 

distribution in soils, river sediments, water bodies and atmospheric particulate matters. Statistical 

analyses, such as principal component analysis (PCA) and factor analysis (FA), have been 

applied to evaluate contributing sources and governing influencing variables of heavy metals (Li 
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& Zhang, 2010; Zhou et al., 2018). Pearson’s method of correlation was also used to analyse the 

relationship strength between pairs of contaminants and influencing variables (Saeedi et al., 

2012). 

 

Volatilisation of heavy metals may occur during some industrial processes. Behaviour of heavy 

metals within forest residue during its fluidised bed combustion showed transportation of heavy 

metals (Cd, Pb and Cu) from gas to fly ash particles via chemical surface reactions while Zn was 

non-volatile under experimental conditions (Lind et al., 1999). In a study on co-combustion of 

cement raw materials (limestone, clay and iron tailing) and sewage sludge in a cement kiln, 

volatilisation of Cu, Ni and Pb was significantly enhanced with the increase of chlorides addition 

due to the formation of heavy metal chlorides with higher volatility (Yu et al., 2017). Due to the 

extremely low amounts of trace elements (including heavy metals) in sample matrix and intrinsic 

limitations of available analysis technologies, it is still challenging to determine the exact 

chemical speciation (mainly electronic valence, molecular structure and isotopic composition) of 

these elements experimentally (Liu et al., 2019). Kinetic and thermodynamic modellings are 

sometimes used to predict speciation. The complex reactions between chloride radicals and 

heavy metals in municipal solid waste fly ash could be further interpreted through kinetics and 

thermodynamic approaches (Kurashima et al., 2019). 

 

Environmental performance of an industrial process (e.g., iron and steel manufacturing) is of 

great significance to sustainable societies, especially in developed countries where strict 

environmental regulations have to be met. Risk assessment and life cycle assessment (LCA) have 

been combined to comprehensively evaluate environmental performance to support decision-

making. As a tool for environmental management, quantitative risk assessment of chemical 

pollutants is generally conducted in aspects of ecology, environment and human health (Harder 

et al., 2015). Life cycle assessment (LCA) is a well-known established ‘cradle-to-gate’ or 

‘cradle-to-grave’ approach to quantitatively evaluate the environmental performance of a 

product, process or service. It has been standardised by ISO 14040 and ISO 14044 (Koroneos & 

Nanaki, 2012). LCA includes four major phases of goal and scope definition, inventory analysis, 

impact assessment and results interpretation (Farjana et al., 2019). Life cycle impact assessment 
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(LCIA), as an LCA method, has been utilised to quantify the environmental impacts of 

hazardous materials or systems without performing the entire LCA (Huang et al., 2017). 

 

In a previous study on iron ore reduction process in a circulating fluidised bed (CFB) under 

different atmospheres, partitioning of trace elements among products collected from different 

compartments (bed, cyclone, air bag and liquid condensate) was determined (Kan et al., 2015). 

Particle size distributions of the solid products were also measured to evaluate the proportion of 

PM2.5. Studies on the behaviour of hazardous heavy metal(loid)s during iron ore reduction by H2 

are of great significance but still limited and need exploitation. The current work evaluated the 

volatilisation of trace elements (including heavy metal(loid)s) with increased temperature during 

iron ore reduction by H2 which has not been sufficiently studied in the past, through statistical 

analysis, kinetics study and environmental assessment. Generally, the volatile elements released 

from the ore are not expected to enter the atmosphere if pollution control devices (scrubbers, 

etc.) to remove these elements from the effluents are used. Risk assessment and LCIA were 

performed based on the assumption that the volatilised elements were released to the atmosphere 

without treatment. The main objective of this work was to qualify and quantify the raw emissions 

of elements (especially those hazardous) which will provide reference for the design of pollution 

control equipment so that the process emissions meet the standards. This insight into 

environmental performance of iron ore reduction by H2 process is expected to benefit the 

commercialisation and management of the process.  

 

2. MATERIALS AND METHODS 

 

2.1. Iron ore reduction and elemental analysis 

 

An iron ore sample (named GT, mainly in the chemical form of goethite, FeO·(OH)) from 

Western Australia was used in this study. The particles were crushed into powder (< 0.074 mm) 

and each time about 2.4 cm3 of powder sample was subjected to programmed heating from room 

temperature in an tube reactor to designated temperatures (200, 500, and 1000 °C) at 5 °C/min in 

a reducing atmosphere of 10 vol.% H2 in He at a flowrate of 50 mL/min. Three repeats were 

conducted for the experiment at each temperature. The tube reactor apparatus consisted of an 
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infrared image gold furnace and two coaxial silica tubes with one graphite tube in the interlayer 

with more details in a previous study (Liu et al., 2004). The mean value of the temperatures of 

the surface and centre of the iron ore powder cylinder was used as the real temperature of the 

iron ore sample. 

 

The elemental composition of the raw and processed at different temperatures was tested. The 

elements Na, Mg, Al, Si, P, S, Ca, Ti, Mn and Fe (in order of atomic weight) were firstly 

subjected to sample preparation of glass bead by borate fusion then analysed by X-ray 

fluorescence (XRF) spectrometry. Li, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Mo, Cd, Sn, Sb, La, Ce 

and Pb were quantified through acid digestion followed by inductively coupled plasma mass 

spectrometry (ICP-MS). The data were repeatable and accredited by the National Association of 

Testing Authorities, Australia (NATA) for compliance with ISO/IEC 17025. 

 

2.2 Chemical structure and surface analyses 

 

2.2.1 Mineral phase analysis 

 

X-ray diffraction (XRD) of raw and processeds were conducted on an X-ray powder 

diffractometer (model: Malvern Panalytical Aeris) with the 300 W high voltage generator 

operated at 40 kV/7.5 mA, the Empyrean X-ray tube Cu LFF and PIXcel1D line detector. All 

samples were scanned over the angular 2θ range of 10–70° at a step size of 0.04. Mineral phases 

were identified using PANalytical software Highscore + v2.2.1 with the ICDD PDF2 inorganic 

database. 

 

2.2.2 Functional group analysis 

 

Fourier transform infrared spectroscopy (FT–IR) was used to identify the functional groups of all 

samples. A Nicolet iS50 FT–IR (Fourier-transform infrared) spectrometer with Continuum IR 

microscope and in-built diamond ATR was employed. The FT–IR spectra over the range of 

4000–400 cm−1 were obtained with a resolution of 4 cm−1 and a data spacing of 0.482 cm−1. 

Raman spectroscopy was also adopted to further investigate the chemical structure of the 
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samples. Raman spectra were collected by a Renishaw 1000 Raman microscope system equipped 

with a monochromator, filter system and a Charge Coupled Device (CCD) detector. The Raman 

spectra recorded in a range of 100–4000 cm-1 were excited by a HeNe laser (633 nm) at a 

nominal resolution of 2 cm-1. The FT–IR and Raman spectra processing including baseline 

correction/adjustment and smoothing was conducted using GRAMS (Galactic Industries 

Corporation, NH, USA) software package. 

 

2.2.3 Surface morphology analysis 

 

Scanning electron microscopy (SEM) was employed to analyse the surface morphology of the raw 

iron ore and the iron ore samples reduced at 1000°C. Each powder sample was mounted on a 

specimen stub with a conductive carbon adhesive disc prior to analysis. SEM images with scale 

bars of 10, 20 and 200 μm were acquired on PHENOM XL Benchtop SEM (Thermo 

Fisher Scientific) at conditions of 10 kV voltage, 1 Pa high vacuum, BSD detector and 10mm WD. 

 

2.3 Statistical analysis 

 

The elemental volatilisation behaviour and other key parameters, such as iron ore LOI1000 (loss 

on ignition at 1000 oC), mass loss% and oxygen loss% may be correlated to the reduction 

temperature. Some elements may also interact with each other during their evaporation. To 

investigate the above possible relations, Pearson’s method of correlation was employed using the 

IBM SPSS V25.0 statistical package. 

 

2.4 Kinetic study of elemental volatilisation 

 

The kinetic study of elemental volatilisation was conducted in this work. The volatilisation 

reaction can be expressed through the temperatures corresponding to the values of the extent of 

volatilisation (α). 

 

𝑑 𝛼

𝑑 𝑡
 = k(T) f(α)                                                                                                                                 (1) 
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where k(T) is the volatilisation rate constant in unit of s-1, f(α) is the mechanism function. 

 

The temperature dependence of the volatilisation rate constant k(T) can be presented by the 

Arrhenius equation: 

 

k(T) = A × exp (– 
𝐸

𝑅𝑇
)                                                                                                                     (2) 

 

where A is the pre-exponential factor (s-1), E is the apparent activation energy (kJ mol-1), and R 

is the universal gas constant (8.314 J mol-1 K-1).  

 

Under non-isothermal condition in this work, the heating rate is a constant (5 °C/min), which can 

be described as: 

 

𝛽 = 
𝑑 𝑇

𝑑 𝑡
 = Const.                                                                                                                             (3) 

 

Combining Eq.(2-4), the following equation can be obtained : 

 

𝑑 𝛼

𝑑 𝑇
 = 

𝐴

𝛽
 × exp (– 

𝐸

𝑅𝑇
) × f(α)                                                                                                             (4) 

 

The reaction model G(α) can be expressed as the integral form of the reciprocal of the 

differential form f(α): 

 

G(α) = ∫ 𝑓(𝛼)−1 𝑑𝛼
𝛼

0
 = 

𝐴

𝛽
∫ exp (– 

𝐸

𝑅𝑇
) 𝑑𝑇

𝑇

0
                                                                                 (5) 

 

Performing transformations and approximations including the Coats-Redfern integration 

(Boonchom, 2009): 

 

ln [
𝐺(𝛼) 

𝑇2
] = ln(

𝐴𝑅 

𝛽𝐸
) – 

𝐸 

𝑅T
                                                                                                                  (6) 
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The parameters of E, A and G(α) (or f(α)) are the kinetic triplet to be determined during the 

kinetics analysis. A model-fitting method is used to fit different reaction models into Eq.(7), and 

ln [
𝐺(𝛼) 

𝑇2 ] as a function of 1/T is plotted. The values of E and A are thus calculated from the slope 

and intercept, respectively. 

 

2.5. Environmental assessment 

2.5.1. Risk assessment 

 

Some elements may have toxicity and can exert detrimental effects on the human health and the 

environment. The risk assessment was conducted using the data in the Australian National 

Pollutant Inventory (NPI) (NPI-Technical Advisory Panel, 1999). An NPI risk score ranging at 

0–18 was calculated according to the following equation: 

 

NPI Risk = Hazard (H + En) × Ex                                                                                                (7) 

 

where H, En and Ex represent the normalised scores on human health effects, environmental 

effects and exposure, respectively, with each value within 0–3. The relative risk value of each 

element in a material can be obtained through multiplying the element’s NPI Risk by its 

corresponding value (concentration × material amount). 

 

2.5.2. LCIA 

 

LCIA was conducted using the open-source software OpenLCA version 1.9.0 to quantify 

potential environmental effects of the hazardous elements, such as heavy metal(loid)s in solid 

and air emissions. In this work, the impacts of heavy metal(loid)s emitted at 1000 °C were 

assessed using ReCiPe Midpoint (H) method. ReCiPe has been developed with harmonised 

indicators and it has been comprehensively used to assess the impacts of heavy metal pollutants 

(Burchart-Korol, 2013; Opatokun et al., 2017; Qi et al., 2017). The LCIA method of ReCiPe 

Midpoint (H) considers 11 mid-point impact category groups (18 impact categories in total in 

brackets) including acidification (terrestrial acidification), climate change (climate change), 

depletion of abiotic resources (fossil depletion, metal depletion and water depletion), ecotoxicity 
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(freshwater ecotoxicity, marine ecotoxicity and terrestrial ecotoxicity), eutrophication 

(freshwater eutrophication, marine eutrophication), human toxicity (human toxicity), ionising 

radiation (ionising radiation), land use (agricultural land occupation, natural land transformation 

and urban land occupation), ozone layer depletion (ozone depletion), particulate matter 

(particulate matter formation) and photochemical oxidation (photochemical oxidant formation). 

To obtain the impact results, a new process with material inputs and outputs was created using 

the software based on 1 tonne goethite feedstock. The impact results were then calculated from 

the input/output amounts and the parameters embedded in the ReCiPe Midpoint (H) method. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Elemental mass change 

The elemental concentrations of raw and processed samples (dry basis) at different reduction 

temperatures were measured. The results are presented in Table 1 where elements are divided into 

6 categories according to the periodic table, including metalloid, other non-metals, alkali and 

alkaline earth metals, transition metals, post-transition metals and lanthanoids. The later three 

categories constitute heavy metals of great concern (excluding Al element). In each category, the 

elements are listed in order of atomic weight. GT-x (x = 20, 200, 500 and 1000) is the goethite 

sample processed at different temperatures. For example, GT-20 represents the raw goethite at 

room temperature (20 °C). 

 

Table 1 

Elemental concentrations of raw and processed samples. 

Categories of elements Elements 
Concentrations (mg/kg) 

 Remaining mass ratio of elements 

(%, relative to raw sample) 

G-20             G-200               G-500               G-1000               G-20             G-200               G-500               G-1000              

Metalloids 

Si 18100 18300 19800 21000  100 98 95 95 

Ge 4.2 4 4.4 4.9  100 93 91 96 

As 14 14 16 bdl  100 97 99 de 

Sb 0.5 0.7 0.7 1.3  100 136 121 213 

Other non-metals 
P 1100 1100 1200 1300  100 97 95 97 

S 700 680 650 190  100 94 80 22 

Alkali and alkaline 

earth metals 

Li 0.2 0.2 0.2 0.2  100 97 87 82 

Na bdl bdl bdl 100  100 nc nc nc 
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Mg 200 300 300 200  100 146 130 82 

Ca 400 700 400 500  100 170 87 102 

Transition metals 

Ti 2100 2100 2300 2400  100 97 95 94 

Cr bdl bdl bdl bdl  100 nc nc nc 

Mn 110 110 120 140  100 97 95 104 

Fe 563000 555000 624000 662000  100 96 96 96 

Co bdl bdl bdl 2  100 nc nc nc 

Ni bdl bdl 4 8  100 nc nc nc 

Cu 7 7 9 9  100 97 111 105 

Zn bdl 4 2 14  100 nc nc nc 

Mo 2.3 2.3 2.6 2.8  100 97 98 100 

Cd bdl bdl bdl bdl  100 nc nc nc 

Post-transition metals 

Al 15000 15300 16900 17900  100 99 98 98 

Ga 4.8 4.8 5.3 5.7  100 97 96 97 

Sn 1 1 1 1  100 97 87 82 

Pb 5.7 5.8 6.5 5  100 99 99 72 

Lanthanoids 
La 6.5 6.6 7.3 7.8  100 99 97 98 

Ce 8.7 8.8 9.9 10.5  100 98 99 99 

Note: bdl = below detection limit; de = decreased (however not calculable); nc = not calculable (change in trend not 

available). 

 

For the raw iron ore (GT-20), Fe was the most abundant element with a concentration of 563000 

mg/kg (i.e., 56.3 wt%) followed by Si (18100 mg/kg, metalloid), and Al (15000 mg/kg, post-

transition metals). Ti (2100 mg/kg, transition metals), P (1100 mg/kg, other non-metal) and S 

(700 mg/kg, other non-metal) were also somewhat enriched in the raw iron ore. Some other 

impurity elements with environmental pollution or health concerns, such as As (14 mg/kg), Cr 

(10 mg/kg), Cd (bdl) and Pb (5.7 mg/kg), were also tested. 

 

Temperature is generally one of the most significant parameters that influence iron ore reduction. 

When increasing the reduction temperature to 200 °C (GT-200), there were no obvious changes 

in the concentrations of most elements compared to the raw iron ore (GT-20). A mass loss of 2.8 

wt.% was recorded due to the sample dehydration (water evaporation) (Strezov et al., 2005). The 

further increase in temperature to 500 °C (GT-500) and then to 1000 °C (GT-1000) caused the 

enrichment of the concentration for most elements. This could be mainly due to the obvious loss 

of sample mass arising from the dehydroxylation (200–500 °C) and clay decomposition (500–

1000 °C). However, the S concentration declined from 680 (GT-200) to 650 mg/kg (GT-500) 
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and then 190 mg/kg (GT-1000), which indicated that the S volatilisation took place at 200–500 

°C and higher temperatures enhanced its escape from the solid matrix. Noticeably, As was 

almost removed at 1000 °C as indicated by the corresponding concentration of ‘below detection 

limit (bdl)’ in GT-1000.  Pb was also observed to decline from 6.5 to 5 mg/kg. 

 

The remaining mass ratios (%, relative to raw sample) of elements in samples can quantitatively 

reflect the volatilisation of elements with temperature in a direct manner. The values can be 

calculated from the data of elemental concentrations taking into account the recorded remaining 

mass ratios of samples (97.9%, 88.2% and 83.6% at 200, 500, and 1000 °C, respectively) and the 

results are also exhibited in Table 1. The remaining mass ratio of each element in the raw sample 

was 100%. The values for Na, Co and Zn at 200–1000 °C were not calculated due to the lack of 

data. As, S, Li, Sn and Pb were found to go through stepwise volatilisation with temperature. 

Most of the other elements kept almost non-volatile even after processing at 1000 °C. Generally, 

the mass balances of the non-volatile elements were around 100% with acceptable errors of ± 

5%. 

 

3.2 Chemical structure and surface morphology 

 

3.2.1 Mineral phase 

 

The changes in chemical structure of iron ore with the reduciton temperature are simultaneous 

with the elemental mass changes. XRD allows for mineral phase identification of iron ore 

samples before and after reduction. The XRD patterns of GT-20, GT-200, GT-500 and GT-1000 

are shown in Fig. 1.  
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Fig. 1. XRD patterns of parent raw and processed at different temperatures. 

 

In the XRD pattern of GT-20, typical peaks of goethite were present, which is well consistent 

with the previous study (Liu et al., 2013). Compared to GT-20, GT-200 did not exhibit obvious 

difference in the peak positions. Increasing the temperature to 500°C, all goethite peaks 

disappeared while hematite peaks emerged due to the dominant formation of hematite through 

dehydroxylation according to Reaction 1 (Liu et al., 2004). The characteristic peaks of magnetite 

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

2017). Generally, the reduction of hematite to magnetite is expected to start below 530 °C and 

completed at around 620–670 °C (Liu et al., 2004). 

 

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 

 

The magnetite can be further transformed to wustite according to Reaction 3 which takes place at 

a temperatures above 570 °C (Schenk, 2011). As shown in the XRD pattern of GT-1000, the 

sample contains wustite and magnetite with a small amount of hematite remaining when raising 

the reduction temperature to 1000 °C. The peak positions of wustite and magnetite were in 

accordance with previous studies (Yi et al., 2015). 
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3.2.2 Functional groups 

 

The functional groups of the raw ore and processed products were identified by FT-IR 

spectroscopy. The spectra of these samples are depicted in Fig. 2. The significant bands are 

labelled with the corresponding wavenumber values.  
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Fig. 2. FT-IR spectra of the parent raw and processed at different temperatures. 

 

In terms of the raw iron ore (GT-20), the goethite structure was indicated by the strong bands at 

796 and 886 cm-1 arising from O=Fe–O–H vibrations (Strezov et al., 2010). The band at 1037 

cm-1 was an indicator of Si–O stretching in kaolinite (Kakali et al., 2001). The small band at 

1644 cm-1 was ascribed to absorbed water (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). After processing the goethite at 200 °C (GT-200), all the IR bands 

remained unchanged. All bands disappeared after elevating the temperature to 500 °C as a result 

of conversion of goethite to hematite. The emerging bands at 428 and 521 cm-1 were ascribed to 

the formation of hematite (Strezov et al., 2010). The new band at 912 cm-1 was assigned to the 

deformation of residual hydroxyl (Ruan et al., 2001), which was subsequently eliminated in the 

spectrum of GT-1000. For GT-1000, the small bands at 828 and 858 cm-1 were ascribed to quartz 

after the removal of other previous overlapping bands (Omran et al., 2015). 
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Raman spectroscopy is generally employed to provide further chemical structure information as 

a complement to FT-IR spectroscopy. The Raman spectra of all samples are presented in Fig. 3. 
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Fig. 3. Raman spectra of the raw iron ore and products processed at different temperatures. 

 

The Raman spectrum of the GT-20 involved a strong band at 389 cm-1, a medium band at 303 

cm-1, small bands at 689, 554, 484 and 248 cm-1, and a wide but weak band at around 1317 cm-1. 

These bands indicated the goethite matrix with the most outstanding band at 389 cm-1 relating to 

the symmetric stretching of Fe-O-Fe/-OH structure, which aligned well with previous studies (de 

Faria & Lopes, 2007; Liu et al., 2013). Identical band positions could be observed in the profile 

of GT-200. The sample of GT-500 exhibited a different Raman profile with new bands at 1308, 

613, 405, 289 and 222 cm-1 arising from hematite (Chamritski & Burns, 2005; Kremer et al., 

2012; Smith et al., 2017), which is in line with the FT-IR results of GT-500. The emerging band 

at 664 cm-1 should be assigned to Fe-O symmetric stretching in magnetite (de Faria & Lopes, 

2007; de Faria et al., 1997). Further increase of temperature to 1000 °C (see GT-1000) resulted 

in a new band (588 cm-1) which is diagnostic for the presence of wustite (Martin & Righter, 

2013; Seifert et al., 2010). The bands at 216 and 278 cm-1 could arise from the formation of 

hematite during the spectrum excitation (de Faria et al., 1997). 

 

3.2.3 Surface morphology 
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Iron ore reduction by H2 also generally affects the iron ore’s physical properties such as the surface 

morphology, providing further information on what occurred during the volatilisation of elements. 

The surface morphology of GT-20 and GT-1000 was characterised by SEM, as shown in Fig. 4.  

 

  

  

Fig. 4. SEM images of GT-20 and GT-1000 at scales of (a) 200 µm and (b) 10 µm. 

 

GT is hard and vitreous goethite with some macropores. It typically contains > 90% goethite 

with a porosity of ~15–20% and a density of ~3.6 t/m3. For the ground fine powder, smaller 

particles may be attached on the bigger grains (see GT-20 (a) and (b)). The reduction of GT 

powder at 1000°C induced the particle aggregation into bigger spheres (see GT-1000 (a)). The 

fusion occurred to form the bridges among the crystallised fine particles, producing a special 

porous structure (see GT-1000 (b)). Similar morphological phenomena of an iron ore after high-

temperature reduction by reducing gas was also observed in previous studies (Huang et al., 2012; 

Yi et al., 2015). The formation of this special structure could be due to the co-existence of 

hematite/magnetite phases in the core and magnetite/wustite phases ‘growing’ in the periphery. 

 

3.3 Statistical analysis 
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In this work, some quantitative results with temperature are available, including reduction of GT 

with temperature, including LOI 1000, mass loss%, S loss%, Li loss%, Sn loss%, Pb loss% and 

O loss%. These key indexes with temperature are presented in Fig. 5. 
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Fig. 5. Key indexes of GT with temperature. 

 

LOI 1000 (loss on ignition at 1000 °C) test is generally carried out, aiming to remove all volatiles 

(water, organics and other volatile compounds). LOI 1000 value decreased with temperaure due 

to the gradually decreasing availability of volatiles in the ore. Sample mass loss, Li loss and Sn 

loss coincidently showed almost the same profile with temperature, being 3%, 13% and 18% at 

200, 500 and 1000 °C, respectively. Their loss velocities (slope) during 200–500 °C were higher 

than those during 500–1000 °C. The O loss% profile showed similar trend, reaching the maxium 

value of 37.6% at 1000 °C. The study mainly investigated the tranformations of iron ore during its 

initial stage of the reduction process and did not aim to fully reduce the ore sample. When the 

temperature reached the set value of 1000 °C, the heating shut down automatically and the final 

temperature was not held further. 

 

To further explore the relation between temperature and the above key indexes during reduction 

of iron ore, Pearson’s correlation coefficients were calculated based on the data in Fig. 5. The 

results are presented in Table 2. Temperature was found to have a high (significance level p < 

0.05) negative correlation with LOI 1000, which is consistent to the descending profile of LOI 
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1000 in Fig. 5. High positive correlation was also identified between temperature and mass loss, S 

loss, Li loss, Sn loss and O loss. 

 

Table 2 

Pearson correlation coefficients (r values) among key indexes during reduction of GT. 

  T 

LOI 

1000 

Mass 

loss% 

S 

loss% 

Li 

loss% 

Sn 

loss% 

Pb 

loss% 

O 

loss%/RD 

T 1 -0.963* 0.964* 0.970* 0.968* 0.968* 0.899 0.953* 

LOI 1000  1 -0.990** -0.903 -0.990* -0.990* -0.796 -0.999** 

Mass loss%   1 0.879 1.000** 1.000** 0.758 0.988* 

S loss%    1 0.885 0.885 0.977* 0.891 

Li loss%     1 1.000** 0.767 0.986* 

Sn loss%      1 0.767 0.986* 

Pb loss%       1 0.781 

O loss%/RD        1 

 

*: Correlation is significant at the 0.05 level (2-tailed). 

**: Correlation is significant at the 0.01 level (2-tailed). 

 

Extremely high (with p < 0.01) negative correlation between LOI 1000 and mass loss (also O 

loss) was observed, indicating that the volatiles determined by LOI 1000 test might be significant 

contributors for the sample mass loss and O loss. High negative correlations between LOI 1000 

and Li loss (also Sn loss) were also identified, which might imply that Li and Sn were contained 

in the LOI 1000-related volatiles. However, S or Pb loss did not exhibit significant correlation 

with LOI 1000. Interestingly, S loss had a high correlation with Pb loss, which might be an 

indicator for the significant presence of S- and Pb-bearing coumpounds, such as PbS. Extreme 

correlation (r = 1.000) between Li loss and Sn loss showed the simultaneous volatilisation of 

these two elements. 

 

3.4 Kinetics of elemental volatilisation 

 

The kinetics of the elemental volatilisation can be modelled by fitting different reaction 

mechanism models to the data. The most commonly used models are listed in Table 3, including 
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the model category, model name and the corresponding functions in differential and integral 

forms. 

 

Table 3 

The most commonly used model funtions of reaction mechanisms. 

Model category Model name Differential form, f(𝛼) Integral form, G(𝛼) 

Nucleation Power law P1 1 α 

Geometrical contraction Contracting area R2 2(1 − 𝛼)1/2 1− (1 − 𝛼)1/2 

Contracting volume R3 3(1 − 𝛼)2/3 1− (1 − 𝛼)1/3 

Reaction-order First-order 𝐹1 (1 − 𝛼) − ln(1 − 𝛼) 

Second-order 𝐹2 (1 − 𝛼)2 (1 − 𝛼)-1−1 

Second-order 𝐹3 (1 − 𝛼)3 [(1 − 𝛼) -2−1]/2 

Diffusion 1D Diffusion D1 1/(2𝛼) 𝛼2 

2D Diffusion D2 [− ln(1 − 𝛼)]−1 (1 − 𝛼) ln(1 − 𝛼) + α 

3D Diffusion-Jander D3 (3/2)(1 − 𝛼)2/3/[1 − (1 − 𝛼)1/3] [1− (1 − 𝛼)1/3]2 

 

These models are fitted into Eq.(7), and profiles of ln [
𝐺(𝛼) 

𝑇2 ] versus 1/T for S, Li, Sn and Pb 

elements are then plotted, as show in Fig. 6. The fitting result data for each reaction model is 

also presented in Table 4, taking S element as an example. ANOVA F check was also carried 

out to ensure the model fitting quality. 
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Fig. 6. Plots of ln((Ga)/T2) versus 1/T for S, Li, Sn and Pb elements using different reaction 

models. 

 

Table 4 

Reaction model fitting results for S element. 

Models Liner regression functions Pearson’s r a R2 (COD) 
ANOVA F 

check 

P1 y= – 14.3 – 424.5x – 0.9628 0.92698 12.69446 

R2 y= – 14.6 – 628.8x – 0.93401 0.87237 6.83497 

R3 y= – 14.8 – 703.9x – 0.92637 0.85817 6.05049 

F1 y= – 13.4 – 864.7x – 0.91338 0.83426 5.03337 

F2 y= – 12.3 – 1432.9x – 0.8867 0.78624 3.67824 

F3 y= – 10.9 – 2116.4x – 0.87087 0.75842 3.13944 

D1 y= – 13.2 – 2311.9x – 0.98209 0.9645 27.17222 

D2 y= – 13.4 – 2566.0x – 0.97442 0.9495 18.8004 

D3 y= – 14.3 – 2870.6x – 0.96522 0.93165 13.6309 
a The confidence level is set as 95%.  

COD: Coefficient of determination. 

 

For each element, the best matching liner regression function (presented in Fig. 6.) with the 

highest Pearson’s r (confidence level 95%) value and coefficient of determination (COD) R2 

value was used to calculate the values of E and A from the slope and intercept, respectively. 

Subsequently, kinetic parameters, including the model function (integral form, G(𝛼)), apparent 

activation energy (E) and pre-exponential factor (A) were calculated and the results are detailed 

in Table 5.  
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Table 5 

Kinetics parameters of S, Li, Mg, Sn and Pb volatilisations. 

Elements 

Most 

matching 

model 

Model integral form, 

G(𝛼) 
E (kJ/mol) lnA A (min–1) 

S D1 𝛼2 19.22 – 3.14109 0.043235648 

Li D3 [1− (1 − 𝛼)1/3]2 11.65 – 8.75757 0.000157 

Sn D3 [1− (1 − 𝛼)1/3]2 11.65 – 8.75757 0.000157 

Pb D3 [1− (1 − 𝛼)1/3]2 26.75 – 7.5415 0.000531 

 

Results indicated that the diffusion model could best describe the volatilisations of S, Li, Sn and 

Pb, specifically, One-dimension Diffusion D1 for S and Three-dimension Diffusion-Jander D3 

for the other three elements. In a solid-involving heterogeneous reaction system (e.g., thermally 

activated solid state), diffusion may play a vital role in the reaction rate (Khawam & Flanagan, 

2006). In a reaction controlled by diffusion, the product (metal vapours in current work) 

formation rate is in inverse proportion to the thickness of product barrier layer. Models of D1, 

D2 and D3 are based on assumptions that diffusion occurs across solid particles in the shapes of 

flat plane, cylinder and sphere, respectively (Khawam & Flanagan, 2006). The activation energy 

values of of Pb and S volatilisation were 26.75 and 19.22 kJ/mol, respectively, while Li and Sn 

featured a lower value of 11.65 kJ/mol. Generally, higher values of activation energy (> 

40 kJ/mol) could indicate chemical reactions being the rate-controlling step while lower values 

of activation energy (e.g., < 20 kJ/mol) could reveal a diffusion controlled process (Gharabaghi 

et al., 2013; Souza et al., 2007). The model type of diffusion and low activation energy values of 

approximately 12–27 kJ/mol in the current work are well consistent with the above statement.  

 

3.5. Risk and LCIA assessments 

 

3.5.1 Risk assessment 

 

According to the Australian NPI (NPI-Technical Advisory Panel, 1999), As, S and Pb are 

considered hazardous elements. Sulphur poses risks in the forms of sulphur dioxide and sulphuric 

acid. However, sulphur is mainly released in the form of elemental sulphur and/or H2S (FeS2 → 
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FeSx + S2 and reversable reaction H2 + S ⇌ H2S) in reducing H2 atmosphere (Chen et al., 2000; 

Hu et al., 2006). Therefore, only As and Pb elements’ normalised scores (H, En and Ex), NPI risk 

and rank have been included in the risk assessment, as shown in Table 6. The risk score of each 

element together with their sum value for each sample are calculated. For G-20, there is no 

volatilisation of any hazardous element and has the corresponding risk score of 0. When the 

reduction temperature was increased to 200 °C, a low risk (total risk score of 3.194) emerged due 

to the main contribution from As release. Further increase in temperature to 500 °C did not increase 

the risk from volatilisation of As and Pb. The lower risk value of G-500 than G-200 arose from 

the measuring error of As (see Table 1). Elevation of the temperature to 1000 °C significantly 

increased the total risk score to 94.758 due to the apparent volatilisation of As and Pb. 

 

Table 6 

NPI risk assessment of volatilised hazardous elements (based on 1 tonne goethite feedstock). 

Elements 

Normalised 

scores 
NPI 

Risk 
Rank 

Risk score  

H En Ex G-20             G-200               G-500               G-1000              

As 2.3 1.7 1.8 7 9 0 2.758 0.921 83.673a 

Pb 1.7 1.5 2.2 6.9 11 0 0.436 0.455 11.085 

Sum of risk scores of all hazardous elements: 0 3.194 1.376 94.758 
 

a Arsenic content in G-1000 is below the instrument limit of detection (LOD). Result is 

calculated based on the assigned arsenic content value of 0.5 × LOD (i.e., 0.5 × 5 = 2.5 mg/kg). 

 

 

3.5.2 LCIA 

 
LCIA was also carried out to further evaluate the environmental performance of trace element 

volatilisation during reduction of iron ore by hydrogen. LCIA used the ReCiPe Midpoint (H) 

method and accounted for the heavy metal(loid) outputs for emissions to air. The results are 

presented in Table 7. The emissions exerted impacts on 4 out of total 18 midpoint categories, 

including freshwater ecotoxicity, human toxicity, marine ecotoxicity and terrestrial ecotoxicity. At 

200 °C (G-200) human toxicity presents the highest result value of 21.2 kg 1,4-DB eq with 

relatively negligible values of other categories. Similar to the NPI risk assessment results at 200 

and 500 °C, LCIA result of G-500 also remained at a low level. The counterpart values of G-1000 

were orders of magnitude higher than those of G-200 and G-500 under each impact category. 
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Table 7 

LCIA results using ReCiPe Midpoint (H) method (based on 1 tonne goethite feedstock). 

Impact category 
Result value 

Reference unit 
200 °C 500 °C 1000 °C 

Freshwater ecotoxicity 8.01E-05 2.84E-05 0.00242 kg 1,4-DB eq 

Human toxicity 21.2 7.79 638.3 kg 1,4-DB eq 

Marine ecotoxicity 0.00633 0.0026 0.189 kg 1,4-DB eq 

Terrestrial ecotoxicity 6.64E-05 4.75E-05 0.00187 kg 1,4-DB eq 

 

To further identify and compare the impacts from different categories, the normalised LCIA scores 

for G-1000 are exhibited in Fig. 7. After normalisation, human toxicity still exhibits the highest 

score (1.96) followed by marine ecotoxicity (0.077) while scores of the other two categories are 

almost negligible. The contributions of heavy metal(loid) species to LCIA midpoint results are 

also calculated, as shown in Fig. 8. Contributions from Pb, Sn and As out of the five volatilised 

elements are identified. For all categories, the majority of impact comes from As. The minor share 

from Sn can be observed for the negligible categories of freshwater ecotoxicity and terrestrial 

ecotoxicity (Fig. 7). With respect to the major category of human toxicity, the main contributors 

are As (96.03%) and Pb (3.97%). 
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Fig. 7. LCIA normalised midpoint scores of different impact categories for goethite reduction at 

1000 °C. The normalisation set is World ReCiPe H [person/year]. 
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Fig. 8. Contribution of heavy metal(loid) species to LCIA midpoint results for goethite reduction 

at 1000 °C. 

 

3.6. Mechanism of trace element behaviour 

 

The structural unit of goethite (chemical formula: α-FeOOH) can be simply described as FeO3 

(OH)3 octahedron and a part of Fe atoms can be substituted by Al and other atoms. During 

thermal processing, iron ore particles undergo severe cracking through a combination of several 

mechanisms including temperature gradients across a particle, different swelling rates between 

minerals (e.g., hematite and more reduced magnetite), intraparticle pressure caused by mismatch 

between volatiles generation (e.g., water vapour) and diffusion (Kan et al., 2015; Strezov et al., 

2011). The particle thermal cracking is accompanied by the iron oxide reduction and other minor 

reactions such as clay decomposition. Macrolevel kinetics of iron ore reduction are controlled by 

the transformation rate of microlevel crystal lattice into less oxygen-bearing mineral structures 

(van Hinsberg et al., 2013). 

 

Geochemical uptake of trace elements (mainly refer to heavy metal(loid)s in this study) in 

goethite is very common. Trace elements may exist within the iron oxide lattice or gangue 

minerals (quartz, kaolinite, diopside, andradite, tremolite, actinolite, etc.) which may be 

separated from or discretely mixed with the former phase (Keyser et al., 2018; Sun et al., 2019b; 

van Hinsberg et al., 2013). A previous study on crystal chemistry of goethite indicated that Cr, 
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Cu and Zn substituted for Fe atoms in goethite structure, and Mn took forms of precipitation as 

asbolane and/or birnessit (Manceau et al., 2000). Co substituted Mn in the impurity phase and Ni 

partitioned within both goethite and asbolane.  

 

Behaviour of trace elements is influenced by a variety of factors including the inherent physical 

and chemical nature of iron ore (e.g., ore type and porosity), ore properties after modifications 

(e.g., ore particle size) and external reaction conditions (reactor design, temperature, atmosphere, 

reaction time, additives e.g., chlorides, etc.). Volatilisation of trace elements is a heterogeneous 

process involving heat and mass transfers of outward diffusion of elements’ vapour species 

across solid matrix and escaping (vapourisation) from the particle surface. Trace elements could 

be either directly volatilised in forms of elementary substance or other chemical compounds, or 

be released through thermal cracking of ore particles where they are trapped (Asthana et al., 

2010). Thermal cracking of particles, iron oxide reduction and elemental volatilisation (including 

vapour diffusion and vapourisation at surface) may occur simultaneously and interfere with each 

other. The rate-controlling step for elemental volatilisation could be one of these processes.  

 

In this study, As, S, Li, Sn and Pb experienced volatilisation during goethitic iron ore reduction 

from room temperature to 1000 °C. According to the data in Table 1, As and Pb mainly 

volatilised after 500 °C which related to the clay decomposition and iron oxide transformation of 

hematite → magnetite → wustite. Loss of S (around 20%) started at around 200 °C or more, 

relating to the dehydroxylation reaction (200–500 °C) and the change of goethite → hematite. 

The majority of S loss (around 60%) occurred after 500 °C. Li and Sn started to volatilise at 

temperatures between 200 and 500 °C, however, the further increase in temperature to 1000 °C 

did not accelerate their volatilisation. 

 

Trace elements are mainly volatilised in forms of volatile elementary substance or compounds 

which may contain O, Cl, H and S (Folgueras et al., 2003). In iron ores, As mainly exists in the 

forms of arsenopyrite (FeAsS), arsenic oxides (e.g., As2O3 and As2O5) and others. During high 

temperature processing, a part of As element can be volatilised in the forms of As, As2, As4, 

As4O6, As4O6 and As2S3, and while the remaining As will be transferred to less volatile arsenate 

in solids (Cheng et al., 2017). The temperature at which one substance volatilisation occurs is not 
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necessary equal to its melting or boiling points due to changes in surrounding chemical structure 

of the substance. For example, the melting and boiling points of As2S3 are 310 and 707 °C, 

respectively, while its volatilization occurs at 330–600 °C (Cong et al., 2015; Dean, 1998). 

Ca3(AsO4)2 may be also present when Ca content in ore is high enough (Folgueras et al., 2003). 

As is a hazardous impurity which may cause the cold brittleness of steel and compromise its 

welding performance, thus its efficient removal is preferred. 

 

Li element possibly exists as metallic Li (after reduction of Li2O by H2), LiAlO2 (BP = 1700 °C), 

LiBO2 (MP = 849 °C, BP = 1719 °C), LiBr (MP = 552 °C, BP = 1289 °C), Li2CO3 (MP = 720 

°C, BP = 1300 °C), LiCl (MP = 613 °C, BP = 1360 °C), Li2NO3 (MP = 255 °C), Li2O (MP = 

1570 °C, BP = 2563 °C) or other Li-bearing salts (Dean, 1998).  

 

Sn element may take forms of cassiterite (SnO2) which is embedded with iron oxide and 

sphalerite (ZnS) in iron ores (Zhang et al., 2011). A previous study on Sn-substituted goethite 

indicated that Sn could promote the unit cell expansion and trace element clustering with Al and 

Sn as evidenced by K-edge EXAFS spectra (Frierdich et al., 2012). SnO2 can be stepwise 

reduced to SnO(g) and then elemental Sn together with the reduction of iron oxides to metallic 

iron as indicated by the phase diagram (Su et al., 2016).  

 

Pb volatilisation can occur in the forms of PbS and PbO or after reacting readily with Cl element 

(Kurashima et al., 2019). Thermogravimetric analysis (TGA) data indicated that mass loss 

temperatures for PbCl2 (MP = 501 °C, BP = 950 °C), PbS (MP = 1118 °C, BP = 1300 °C) and 

PbO (MP = 886 °C, BP = 1472 °C) ranged at 500–700 °C, 800–1300 °C and 900–1300 °C, 

respectively (Cong et al., 2015). In the stack particles from iron ore sintering, Pb was found in 

the forms of PbCO3 (transformed to PbO at 340 °C) and PbCl2 (Fan et al., 2018). Elemental Pb 

(MP = 327 °C, BP = 1749 °C) may also volatilise which is generated during reduction of PbO or 

PbS. 

 

S element may combine with other elements to form pyrite (FeS2), pyrrhotite (Fe7S8), As2S3, 

CuS, ZnS, PbS, FeAsS, etc. Under reducing H2 atmosphere, S may deposit as elemental sulphur 

clusters and/or H2S. After release from the iron ore particles, the volatilised trace elements may 
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be attached to fine particles carried in the gas flow or enter the waste liquid effluent (Kan et al., 

2015). 

 

4. CONCLUSIONS 

 

In this work, a goethite iron ore sample was processed under H2 atmosphere at different final 

temperatures of 200, 500 and 1000 °C. Processing the raw sample at 200 °C did not have obvious 

effects on the concentrations of trace elements or the goethite’s chemical structure. At 1000 °C, 

As, S, Li, Sn and Pb started to volatilise at different temperatures with varying remaining ratios. 

Especially, As in the raw goethite was almost eliminated with non-detectable amount at 1000 °C. 

The simultaneous chemical and morphological changes were also determined, indicating the 

stepwise reduction of the iron oxides. Statistical analysis of the key indexes showed high negative 

correlation between LOI 1000 and Li loss (also Sn loss), while S loss had a high correlation with 

Pb loss. Temperature had strong correlations with LOI 1000, mass loss, and losses of S, Li, Sn and 

O. High correlation between Pb and S indicated their simultaneous volatilisation and possible 

existence of Pb and S-bearing compounds such as PbS. The most common reaction models were 

also used to fit the elements’ volatilisation. Results indicated that the diffusion model was the most 

probable for volatilisation of S (D1 model, activation energy E = 19.22 kJ/mol), Li (D3 model, E 

= 11.65 kJ/mol), Sn (D3 model, E = 11.65 kJ/mol) and Pb (D3 model, E = 26.75 kJ/mol). Risk 

assessment results showed that maximum risk score of iron ore reduction activity at 1000 °C was 

due to the volatilisation of the hazardous elements As and Pb. LCIA data demonstrated that the 

emissions had impacts on four categories with human toxicity (mainly contributed by As and Pb) 

being the most significant. This investigation can provide significant reference information for 

committed improvement in the design of pollution control system in the ironmaking process. 

 

 

ACKNOWLEDGEMENTS 

 

The authors acknowledge the financial support of the Australian Research Council through the 

Linkage funding scheme. The authors are thankful to the Central Analytical Research Facility 

(CARF) at Queensland University of Technology and particularly Henery Spratt and LIew Rintal 



28 

 

for providing FT-IR and Raman analyses. In addition, the authors would like to acknowledge the 

Macquarie University Faculity of Science and Engineering Microscope Facility (MQFoSE MF) 

for access to its instrumentation and staff. 

 

 

REFERENCES 

 

Asthana, A., Falcoz, Q., Sessiecq, P., Patisson, F., 2010. Modeling Kinetics of Cd, Pb, and Zn 

Vaporization during Municipal Solid Waste Bed Incineration. Ind. Eng. Chem. Res. 

49(16), 7605-7609. https://doi.org/10.1021/ie100181x. 

Boonchom, B., 2009. Kinetic and thermodynamic studies of MgHPO4 center dot A 3H(2)O by 

non-isothermal decomposition data. J. Therm. Anal. Calorim. 98(3), 863-871. 

https://doi.org/10.1007/s10973-009-0108-2. 

Burchart-Korol, D., 2013. Life cycle assessment of steel production in Poland: a case study. J. 

Clean. Prod. 54, 235-243. https://doi.org/10.1016/j.jclepro.2013.04.031. 

Chamritski, I., Burns, G., 2005. Infrared- and Raman-active phonons of magnetite, maghemite, 

and hematite: a computer simulation and spectroscopic study. J. Phys. Chem. B 109(11), 

4965-8. https://doi.org/10.1021/jp048748h. 

Chen, H.K., Li, B.Q., Zhang, B.J., 2000. Decomposition of pyrite and the interaction of pyrite 

with coal organic matrix in pyrolysis and hydropyrolysis. Fuel 79(13), 1627-1631. 

https://doi.org/10.1016/S0016-2361(00)00015-6. 

Cheng, R., Ni, H., Zhang, H., Jia, S., Xiang, S., 2017. Thermodynamics of arsenic removal from 

arsenic-bearing iron ores with sintering process and dust ash by roasting. J. Iron Steel 

Res. Int. 52(6), 26-33. https://doi.org/10.13228/j.boyuan.issn0449-749x.20160389. 

Chiu, A.C.F., Akesseh, R., Moumouni, I.M., Xiao, Y., 2019. Laboratory assessment of rice husk 

ash (RHA) in the solidification/stabilization of heavy metal contaminated slurry. J. 

Hazard. Mater. 371, 62-71. https://doi.org/10.1016/j.jhazmat.2019.02.051. 

Cong, J., Yan, D.H., Li, L., Cui, J.X., Jiang, X.G., Yu, H.J., Wang, Q., 2015. Volatilization of 

Heavy Metals (As, Pb, Cd) During Co-Processing in Cement Kilns. Environ. Eng. Sci. 

32(5), 425-435. https://doi.org/10.1089/ees.2014.0175. 

de Faria, D.L.A., Lopes, F.N., 2007. Heated goethite and natural hematite: Can Raman 

spectroscopy be used to differentiate them? Vib. Spectrosc. 45(2), 117-121. 

https://doi.org/10.1016/j.vibspec.2007.07.003. 

de Faria, D.L.A., Silva, S.V., deOliveira, M.T., 1997. Raman microspectroscopy of some iron 

oxides and oxyhydroxides. J. Raman Spectrosc. 28(11), 873-878. 

https://doi.org/10.1002/(SICI)1097-4555(199711)28:11<873::AID-JRS177>3.0.CO;2-B. 

J.A. Dean (Eds.). 1998.Lange’s Handbook of Chemistry. Fifteenth Edition.  McGRAW-HILL, 

INC. http://fptl.ru/biblioteka/spravo4niki/dean.pdf. 

Fan, X., Ji, Z., Gan, M., Li, Q., Chen, X., Jiang, T., 2018. Participating patterns of trace elements 

in PM2.5 formation during iron ore sintering process. Ironmak. Steelmak. 45(3), 288-

294. https://doi.org/10.1080/03019233.2016.1262575. 

https://doi.org/10.1021/ie100181x
https://doi.org/10.1007/s10973-009-0108-2
https://doi.org/10.1016/j.jclepro.2013.04.031
https://doi.org/10.1021/jp048748h
https://doi.org/10.1016/S0016-2361(00)00015-6
https://doi.org/10.13228/j.boyuan.issn0449-749x.20160389
https://doi.org/10.1016/j.jhazmat.2019.02.051
https://doi.org/10.1089/ees.2014.0175
https://doi.org/10.1016/j.vibspec.2007.07.003
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11
http://fptl.ru/biblioteka/spravo4niki/dean.pdf
https://doi.org/10.1080/03019233.2016.1262575


29 

 

Farjana, S.H., Huda, N., Mahmud, M.A.P., Saidur, R., 2019. A review on the impact of mining 

and mineral processing industries through life cycle assessment. J. Clean. Prod. 231, 

1200-1217. https://doi.org/10.1016/j.jclepro.2019.05.264. 

Folgueras, A.B., Diaz, R.A., Xiberta, J., Prieto, I., 2003. Volatilisation of trace elements for coal-

sewage sludge blends during their combustion. Fuel 82(15-17), 1939-1948. 

https://doi.org/10.1016/S0016-2361(03)00152-2. 

Frierdich, A.J., Scherer, M.M., Bachman, J.E., Engelhard, M.H., Rapponotti, B.W., Catalano, 

J.G., 2012. Inhibition of trace element release during Fe(II)-activated recrystallization of 

Al-, Cr-, and Sn-substituted goethite and hematite. Environ. Sci. Technol. 46(18), 10031-

9. https://doi.org/10.1021/es302137d. 

Gharabaghi, M., Irannajad, M., Azadmehr, A.R., 2013. Leaching kinetics of nickel extraction 

from hazardous waste by sulphuric acid and optimization dissolution conditions. Chem. 

Eng. Res. Des. 91(2), 325-331. https://doi.org/10.1016/j.cherd.2012.11.016. 

Harder, R., Holmquist, H., Molander, S., Svanstrom, M., Peters, G.M., 2015. Review of 

Environmental Assessment Case Studies Blending Elements of Risk Assessment and Life 

Cycle Assessment. Environ. Sci. Technol. 49(22), 13083-93. 

https://doi.org/10.1021/acs.est.5b03302. 

Hu, G.L., Dam-Johansen, K., Stig, W., Hansen, J.P., 2006. Decomposition and oxidation of 

pyrite. Prog. Energy Combust. Sci. 32(3), 295-314. 

https://doi.org/10.1016/j.pecs.2005.11.004. 

Huang, T.Y., Chiueh, P.T., Lo, S.L., 2017. Life-cycle environmental and cost impacts of reusing 

fly ash. Resour. Conserv. Recy. 123, 255-260. 

https://doi.org/10.1016/j.resconrec.2016.07.001. 

Huang, Z.C., Yi, L.Y., Jiang, T., 2012. Mechanisms of strength decrease in the initial reduction 

of iron ore oxide pellets. Powder Technol. 221, 284-291. 

https://doi.org/10.1016/j.powtec.2012.01.013. 

Kakali, G., Perraki, T., Tsivilis, S., Badogiannis, E., 2001. Thermal treatment of kaolin: the 

effect of mineralogy on the pozzolanic activity. Appl. Clay Sci. 20(1-2), 73-80. 

https://doi.org/10.1016/S0169-1317(01)00040-0. 

Kan, T., Evans, T., Strezov, V., Nelson, P.F., 2016. Risk Assessment and Control of Emissions 

from Ironmaking. in: Ironmaking and Steelmaking Processes, P. Cavaliere (Eds.), 

Springer International Publishing, Cham, pp. 321-339 https://doi.org/10.1007/978-3-319-

39529-6_19. 

Kan, T., Strezov, V., Evans, T.J., Nelson, P.F., 2015. Trace element deportment and particle 

formation behaviour during thermal processing of iron ore: technical reference for risk 

assessment of iron ore processing. J. Clean. Prod. 102, 384-393. 

https://doi.org/10.1016/j.jclepro.2015.04.032. 

Keyser, W., Ciobanu, C.L., Cook, N.J., Johnson, G., Feltus, H., Johnson, S., Dmitrijeva, M., 

Ehrig, K., Nguyen, P.T., 2018. Petrography and trace element signatures of iron-oxides in 

deposits from the Middleback Ranges, South Australia: From banded iron formation to 

ore. Ore Geol. Rev. 93, 337-360. https://doi.org/10.1016/j.oregeorev.2018.01.006. 

Khawam, A., Flanagan, D.R., 2006. Solid-state kinetic models: basics and mathematical 

fundamentals. J. Phys. Chem. B 110(35), 17315-28. https://doi.org/10.1021/jp062746a. 

Koroneos, C.J., Nanaki, E.A., 2012. Life cycle environmental impact assessment of a solar water 

heater. J. Clean. Prod. 37, 154-161. https://doi.org/10.1016/j.jclepro.2012.07.001. 

https://doi.org/10.1016/j.jclepro.2019.05.264
https://doi.org/10.1016/S0016-2361(03)00152-2
https://doi.org/10.1021/es302137d
https://doi.org/10.1016/j.cherd.2012.11.016
https://doi.org/10.1021/acs.est.5b03302
https://doi.org/10.1016/j.pecs.2005.11.004
https://doi.org/10.1016/j.resconrec.2016.07.001
https://doi.org/10.1016/j.powtec.2012.01.013
https://doi.org/10.1016/S0169-1317(01)00040-0
https://doi.org/10.1007/978-3-319-39529-6_19
https://doi.org/10.1007/978-3-319-39529-6_19
https://doi.org/10.1016/j.jclepro.2015.04.032
https://doi.org/10.1016/j.oregeorev.2018.01.006
https://doi.org/10.1021/jp062746a
https://doi.org/10.1016/j.jclepro.2012.07.001


30 

 

Kremer, B., Owocki, K., Krolikowska, A., Wrzosek, B., Kazmierczak, J., 2012. Mineral 

microbial structures in a bone of the Late Cretaceous dinosaur Saurolophus angustirostris 

from the Gobi Desert, Mongolia - a Raman spectroscopy study. Palaeogeogr. Palaeocl. 

358, 51-61. https://doi.org/10.1016/j.palaeo.2012.07.020. 

Kurashima, K., Matsuda, K., Kumagai, S., Kameda, T., Saito, Y., Yoshioka, T., 2019. A 

combined kinetic and thermodynamic approach for interpreting the complex interactions 

during chloride volatilization of heavy metals in municipal solid waste fly ash. Waste 

Manag. 87, 204-217. https://doi.org/10.1016/j.wasman.2019.02.007. 

Li, S., Zhang, Q., 2010. Risk assessment and seasonal variations of dissolved trace elements and 

heavy metals in the Upper Han River, China. J. Hazard. Mater. 181(1-3), 1051-8. 

https://doi.org/10.1016/j.jhazmat.2010.05.120. 

Lind, T., Valmari, T., Kauppinen, E.I., Sfiris, G., Nilsson, K., Maenhaut, W., 1999. 

Volatilization of the heavy metals during circulating fluidized bed combustion of forest 

residue. Environ. Sci. Technol. 33(3), 496-502. https://doi.org/10.1021/es9802596. 

Liu, G.S., Strezov, V., Lucas, J.A., Wibberley, L.J., 2004. Thermal investigations of direct iron 

ore reduction with coal. Thermochim. Acta 410(1-2), 133-140. 

https://doi.org/10.1016/S0040-6031(03)00398-8. 

Liu, H.B., Chen, T.H., Zou, X.H., Qing, C.S., Frost, R.L., 2013. Effect of Al content on the 

structure of Al-substituted goethite: a micro-Raman spectroscopic study. J. Raman 

Spectrosc. 44(11), 1609-1614. https://doi.org/10.1002/jrs.4376. 

Liu, P., Huang, R., Tang, Y., 2019. Comprehensive Understandings of Rare Earth Element 

(REE) Speciation in Coal Fly Ashes and Implication for REE Extractability. Environ. 

Sci. Technol. 53(9), 5369-5377. https://doi.org/10.1021/acs.est.9b00005. 

Luo, S.Y., Yi, C.J., Zhou, Y.M., 2011. Direct reduction of mixed biomass-Fe2O3 briquettes 

using biomass-generated syngas. Renew. Energy 36(12), 3332-3336. 

https://doi.org/10.1016/j.renene.2011.05.006. 

Man, Y., Feng, J.X., Li, F.J., Ge, Q., Chen, Y.M., Zhou, J.Z., 2014. Influence of temperature and 

time on reduction behavior in iron ore-coal composite pellets. Powder Technol. 256, 361-

366. https://doi.org/10.1016/j.powtec.2014.02.039. 

Manceau, A., Schlegel, M.L., Musso, M., Sole, V.A., Gauthier, C., Petit, P.E., Trolard, F., 2000. 

Crystal chemistry of trace elements in natural and synthetic goethite. Geochim. 

Cosmochim. Acta 64(21), 3643-3661. https://doi.org/10.1016/S0016-7037(00)00427-0. 

Martin, A.M., Righter, K., 2013. Melting of clinopyroxene plus magnesite in iron-bearing 

planetary mantles and implications for the Earth and Mars. Contrib. Mineral. Petrol. 

166(4), 1067-1098. https://doi.org/10.1007/s00410-013-0910-5. 

NPI-Technical Advisory Panel, 1999. National Pollutant Inventory - Final Report to the National 

Environment Protection Council. http://www.nepc.gov.au/resource/ephc-archive-

national-pollutant-inventory-nepm. 

Oh, J., Noh, D., 2017. The reduction kinetics of hematite particles in H-2 and CO atmospheres. 

Fuel 196, 144-153. https://doi.org/10.1016/j.fuel.2016.10.125. 

Omran, M., Fabritius, T., Elmandy, A.M., Abdel-Khalek, N.A., El-Aref, M., Elmanawi, A., 

2015. XPS and FTIR spectroscopic study on microwave treated high phosphorus iron ore. 

Appl. Surf. Sci. 345, 127-140. https://doi.org/10.1016/j.apsusc.2015.03.209. 

Opatokun, S.A., Lopez-Sabiron, A.M., Ferreira, G., Strezov, V., 2017. Life Cycle Analysis of 

Energy Production from Food Waste through Anaerobic Digestion, Pyrolysis and 

Integrated Energy System. Sustainability-Basel 9(10). https://doi.org/10.3390/su9101804. 

https://doi.org/10.1016/j.palaeo.2012.07.020
https://doi.org/10.1016/j.wasman.2019.02.007
https://doi.org/10.1016/j.jhazmat.2010.05.120
https://doi.org/10.1021/es9802596
https://doi.org/10.1016/S0040-6031(03)00398-8
https://doi.org/10.1002/jrs.4376
https://doi.org/10.1021/acs.est.9b00005
https://doi.org/10.1016/j.renene.2011.05.006
https://doi.org/10.1016/j.powtec.2014.02.039
https://doi.org/10.1016/S0016-7037(00)00427-0
https://doi.org/10.1007/s00410-013-0910-5
http://www.nepc.gov.au/resource/ephc-archive-national-pollutant-inventory-nepm
http://www.nepc.gov.au/resource/ephc-archive-national-pollutant-inventory-nepm
https://doi.org/10.1016/j.fuel.2016.10.125
https://doi.org/10.1016/j.apsusc.2015.03.209
https://doi.org/10.3390/su9101804


31 

 

Qi, C.C., Ye, L.P., Ma, X.T., Yang, D.L., Hong, J.L., 2017. Life cycle assessment of the 

hydrometallurgical zinc production chain in China. J. Clean. Prod. 156, 451-458. 

https://doi.org/10.1016/j.jclepro.2017.04.084. 

Ruan, H.D., Frost, R.L., Kloprogge, J.T., 2001. The behavior of hydroxyl units of synthetic 

goethite and its dehydroxylated product hematite. Spectrochim. Acta A 57(13), 2575-86. 

https://doi.org/10.1016/s1386-1425(01)00445-0. 

Saeedi, M., Li, L.Y., Salmanzadeh, M., 2012. Heavy metals and polycyclic aromatic 

hydrocarbons: pollution and ecological risk assessment in street dust of Tehran. J. 

Hazard. Mater. 227-228, 9-17. https://doi.org/10.1016/j.jhazmat.2012.04.047. 

Salama, W., El Aref, M., Gaupp, R., 2015. Spectroscopic characterization of iron ores formed in 

different geological environments using FTIR, XPS, Mossbauer spectroscopy and 

thermoanalyses. Spectrochim. Acta A 136, 1816-1826. 

https://doi.org/10.1016/j.saa.2014.10.090. 

Schenk, J.L., 2011. Recent status of fluidized bed technologies for producing iron input materials 

for steelmaking. Particuology 9(1), 14-23. https://doi.org/10.1016/j.partic.2010.08.011. 

Seifert, W., Thomas, R., Rhede, D., Forster, H.J., 2010. Origin of coexisting wustite, Mg-Fe and 

REE phosphate minerals in graphite-bearing fluorapatite from the Rumburk granite. Eur. 

J. Mineral. 22(4), 495-507. https://doi.org/10.1127/0935-1221/2010/0022-2034. 

Smith, J.P., Smith, F.C., Booksh, K.S., 2017. Spatial and spectral resolution of carbonaceous 

material from hematite (alpha-Fe2O3) using multi-variate curve resolution-alternating 

least squares (MCR-ALS) with Raman microspectroscopic mapping: implications for the 

search for life on Mars. Analyst 142(17), 3140-3156. 

https://doi.org/10.1039/c7an00481h. 

Souza, A.D., Pina, P.S., Leao, V.A., Silva, C.A., Siqueira, P.F., 2007. The leaching kinetics of a 

zinc sulphide concentrate in acid ferric sulphate. Hydrometallurgy 89(1-2), 72-81. 

https://doi.org/10.1016/j.hydromet.2007.05.008. 

Strezov, V., Evans, A., Evans, T., 2013. Defining sustainability indicators of iron and steel 

production. J. Clean. Prod. 51, 66-70. https://doi.org/10.1016/j.jclepro.2013.01.016. 

Strezov, V., Evans, T.J., Zymla, V., Strezov, L., 2011. Structural deterioration of iron ore 

particles during thermal processing. Int. J. Miner. Process. 100(1-2), 27-32. 

https://doi.org/10.1016/j.minpro.2011.04.005. 

Strezov, V., Liu, G.S., Lucas, J.A., Wibberley, L.J., 2005. Computational calorimetric study of 

the iron ore reduction reactions in mixtures with coal. Ind. Eng. Chem. Res. 44(3), 621-

626. https://doi.org/10.1021/ie030835t. 

Strezov, V., Ziolkowski, A., Evans, T.J., Nelson, P.F., 2010. Assessment of evolution of loss on 

ignition matter during heating of iron ores. J. Therm. Anal. Calorim. 100(3), 901-907. 

https://doi.org/10.1007/s10973-009-0398-4. 

Su, Z.J., Zhang, Y.B., Chen, J., Liu, B.B., Li, G.H., Jiang, T., 2016. Selective separation and 

recovery of iron and tin from high calcium type tin- and iron-bearing tailings using 

magnetizing roasting followed by magnetic separation. Sep. Sci. Technol. 51(11), 1900-

1912. https://doi.org/10.1080/01496395.2016.1178292. 

Sun, X.D., Gingerich, D.N., Azevedo, N., Mauter, M.A.G., 2019a. Trace Element Mass Flow 

Rates from US Coal Fired Power Plants. Environ. Sci. Technol. 53(10), 5585-5595. 

https://doi.org/10.1021/acs.est.9b01039. 

Sun, Y., Wu, T., Xiao, L., Bai, M., Zhang, Y.H., 2019b. U-Pb ages, Hf-O isotopes and trace 

elements of zircons from the ore-bearing and ore-barren adakitic rocks in the Handan-

https://doi.org/10.1016/j.jclepro.2017.04.084
https://doi.org/10.1016/s1386-1425(01)00445-0
https://doi.org/10.1016/j.jhazmat.2012.04.047
https://doi.org/10.1016/j.saa.2014.10.090
https://doi.org/10.1016/j.partic.2010.08.011
https://doi.org/10.1127/0935-1221/2010/0022-2034
https://doi.org/10.1039/c7an00481h
https://doi.org/10.1016/j.hydromet.2007.05.008
https://doi.org/10.1016/j.jclepro.2013.01.016
https://doi.org/10.1016/j.minpro.2011.04.005
https://doi.org/10.1021/ie030835t
https://doi.org/10.1007/s10973-009-0398-4
https://doi.org/10.1080/01496395.2016.1178292
https://doi.org/10.1021/acs.est.9b01039


32 

 

Xingtai district: Implications for petrogenesis and iron mineralization. Ore Geol. Rev. 

104, 14-25. https://doi.org/10.1016/j.oregeorev.2018.10.010. 

van Hinsberg, V., Zinngrebe, E., Melzer, S., van der Laan, S., Jonckbloedt, R., 2013. Influence 

of Texture and Trace Element Composition on Hematite to Wustite Reduction Rates of 

Fine Iron ore Fragments. ISIJ Int. 53(12), 2018-2027. 

https://doi.org/10.2355/isijinternational.53.2018. 

Vogl, V., Ahman, M., Nilsson, L.J., 2018. Assessment of hydrogen direct reduction for fossil-

free steelmaking. J. Clean. Prod. 203, 736-745. 

https://doi.org/10.1016/j.jclepro.2018.08.279. 

Yi, L.Y., Huang, Z.C., Jiang, T., Wang, L.N., Qi, T., 2015. Swelling behavior of iron ore pellet 

reduced by H-2-CO mixtures. Powder Technol. 269, 290-295. 

https://doi.org/10.1016/j.powtec.2014.09.018. 

Yu, S., Zhang, B., Wei, J., Zhang, T., Yu, Q., Zhang, W., 2017. Effects of chlorine on the 

volatilization of heavy metals during the co-combustion of sewage sludge. Waste Manag. 

62, 204-210. https://doi.org/10.1016/j.wasman.2017.02.029. 

Zhang, Y.B., Jiang, T., Li, G.H., Huang, Z.C., Guo, Y.F., 2011. Tin and zinc separation from tin, 

zinc bearing complex iron ores by selective reduction process. Ironmak. Steelmak. 38(8), 

613-619. https://doi.org/10.1179/1743281211y.0000000036. 

Zheng, M., Feng, L., He, J., Chen, M., Zhang, J., Zhang, M., Wang, J., 2015. Delayed 

geochemical hazard: a tool for risk assessment of heavy metal polluted sites and case 

study. J. Hazard. Mater. 287, 197-206. https://doi.org/10.1016/j.jhazmat.2015.01.060. 

Zhou, X.T., Taylor, M.P., Davies, P.J., Prasad, S., 2018. Identifying Sources of Environmental 

Contamination in European Honey Bees (Apis mellifera) Using Trace Elements and Lead 

Isotopic Compositions. Environ. Sci. Technol. 52(3), 991-1001. 

https://doi.org/10.1021/acs.est.7b04084. 

 

  

https://doi.org/10.1016/j.oregeorev.2018.10.010
https://doi.org/10.2355/isijinternational.53.2018
https://doi.org/10.1016/j.jclepro.2018.08.279
https://doi.org/10.1016/j.powtec.2014.09.018
https://doi.org/10.1016/j.wasman.2017.02.029
https://doi.org/10.1179/1743281211y.0000000036
https://doi.org/10.1016/j.jhazmat.2015.01.060
https://doi.org/10.1021/acs.est.7b04084


33 

 

GRAPHICAL ABSTRACT 

 

  



34 

 

HIGHLIGHTS 

• As, S, Li, Sn and Pb volatilised with nil (As), 22% (S) remaining at 1000 °C 

• XRD, FTIR and Raman showed staged reduction of iron ore (goethite → wustite) by H2 

• High correlation (r = 0.977) between Pb and S loss implied possible presence of PbS 

• Kinetics study of elements’ volatilisation indicated reaction models of 1D or 3D diffusion 

• Environmental risk score incresed with temperature due to volatilisation of As and Pb 




