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Highlights

 The effect of microwave radiation on structure and chemical state of high phosphorus iron 
ore was studied.

 FTIR analyses showed that after microwave radiation the functional chemical groups of 
phosphorus bearing minerals (fluorapatite) dissociated. 

 High resolution XPS analyses of Fe 2p peaks showed that after microwave radiation a 
portion of Fe (+III) was reduced to Fe (+II). 

 Microwave radiation had a positive effect on the magnetic properties of iron oxide, through 
formation of ferromagnetic phases.
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Abstract:

A growing interest in microwave heating has emerged recently. Several potential microwave 

applications regarding minerals’ processing have been investigated. This paper investigates the 

effect of microwave radiation on Egyptian high phosphorus iron ore. Three different iron ore 

samples have varying Fe2O3 and P2O5 contents and mineralogical textures were studied. A 

comparative study has been carried out between untreated and microwave treated iron ore. XRD 

and FTIR analyses showed that after microwave radiation the crystallinity of iron bearing minerals 

(hematite) increased, while the functional chemical groups of phosphorus bearing minerals 

(fluorapatite) and other gangues dissociated. High resolution XPS analyses of Fe 2p peaks showed 

that after microwave radiation a portion of Fe (+III) was reduced to Fe(+II). This means that after 

microwave radiation iron oxide (hematite, Fe 3+) transformed into more magnetic phase. The results 

indicated that microwave radiation had a positive effect on the magnetic properties of iron oxide, 

through formation of ferromagnetic phases.    
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Introduction

Microwave energy is a non-ionizing electromagnetic radiation with frequencies in the range of 300 

MHz to 300 GHz. Microwave frequencies include three bands: ultra-high frequency (UHF: 300 

MHz to 3 GHz), super high frequency (SHF: 3 GHz to 30 GHz) and extremely high frequency 

(EHF: 30 GHz to 300 GHz) [1, 2]. Microwave heating is fundamentally different from conventional 

heating because microwaves take the form of electromagnetic energy and can penetrate deep into 

the sample. This allows sample heating to be initiated volumetrically, as opposed to conventional 

thermal processing which heats the sample from the outside inward via standard heat transfer 

mechanisms, i.e., through convection, conduction, and radiation [3]. Compared with conventional 

heating techniques, the main advantages of microwave heating are: non-contact heating, energy 

transfer rather than heat transfer, rapid heating, material selective heating, lower power 

consumption and volumetric heating [2, 3].

Omran et al. [4] investigated the influence of microwave radiation on the magnetic properties and 

magnetic separation of iron ore. The results indicated that the improvement in iron recovery is 

attributed to microwave radiation enhancement of the magnetic properties of weak magnetic 

mineral (hematite) through altering the mineral to more magnetic phases (maghemite or magnetite). 

The influence of microwave pre-treatment on the liberation of high phosphorus oolitic iron ore was 

also investigated [5, 6]. The results showed that compared to conventional thermal treatment, 

microwave treatment consumes considerably less energy, improves liberation and reduces 

processing time. 

Guo Chen et al. [7, 8, 9] investigated the influence of microwave pre-treatment on magnetic 

separation and surface characteristics of ilmenite ores. Chen et al. concluded that microwave 

treatment of ilmenite ore is potentially high efficient pre-treatment technique for magnetic 

separation with low energy consumption. The influence of microwave irradiation on the grindability 
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of gold ores was investigated [10]. It was concluded that microwave assisted grinding produced 

good results particularly for grinding characteristics.

In order to obtain detailed information about the effect of microwave radiation on iron ore, X-ray 

photoelectron spectroscopy (XPS) is employed. XPS is a highly surface sensitive technique that can 

be used for compositional and chemical states analysis [11]. This technique provides information 

about the oxidation and structural states of the iron oxides.

For the analysis of photoelectron spectra of iron oxides, peak shape and peak binding energy 

comparisons to standard compounds are used to derive oxide composition. For qualitative iron 

oxide determination McIntyre and Zetaruks [12] studied the XPS spectra of the simple and mixed 

iron oxides, the details of core line spectra (Fe (2p), Fe (3s), Fe (3p), and O (ls)), valence band 

spectra, and Auger line spectra are used to identify features which allow identification of each 

species. Comparative study of iron oxide XP spectra has been made by Allen et al. [13] who 

obtained Fe (2p) and O (1s) spectra of αFe2O3, Fe3O4, FeO, αFeOOH, and several ferrates. They 

found that the Fe (2p) spectra were particularly difficult to analyze, because of a steeply rising 

background and broadened line widths. They attributed such broadening to multiplet splitting and 

shake-up phenomena. Mekki et al. [14] used the Fe 3p spectra to obtain quantitative information on 

Fe2+ and Fe3+ concentrations in silicate glass samples. The Fe2+ and Fe3+ ions were assumed to 

generate overlapping Fe 3p spectra. These peaks were deconvoluted into two peaks to obtain the 

Fe2+ and Fe3+ ratios. Grosvenor et al. [15] various iron oxide, hydroxide and halide have been 

analyzed by XPS and peak shapes fitted with a close approximation of the Gupta and Sen [16] 

multiplet structure. They concluded that all Fe (II) and Fe (III) species can be fitted with Gupta and 

Sen multiplet structure.

The aim of this study is to investigate the effect of microwave radiation on the structure and 

chemical state of high phosphorus iron ore using different techniques.
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Materials and Methods 

Materials

The iron ore samples used in this study were collected from Aswan region, Egypt. Eastern Aswan 

area represents the main occurrence of the Cretaceous ironstone bands of South Egypt, which are 

confined to clastic successions belonging to the “Nubian” sandstones or “Nubia facies” [17, 18]. 

Three different samples were obtained from different locations from Aswan region. Fig. (1) and 

Table (1) present the XRD patterns and chemical analysis, respectively, of the iron ore samples

investigated in this study. The following mineral phases were found, for all samples, hematite is the 

main iron bearing minerals. In addition to quartz, fluorapatite and chamosite as gangues. These 

samples have different mineralogical texture, and Fe2O3 and P2O5 percentage. Based on the 

chemical compositions and sample texture, the iron ore samples are classified into three types:

1. Sample with Fe2O3 (62.18 %) and P2O5 (5.64 %), sample G1

2. Sample with Fe2O3 (59.28 %) and P2O5 (2.25 %), sample G2  

3. Sample with Fe2O3 (74.96 %) and P2O5 (3.24 %), sample G3

Sample G3, SEM images show that Fe-bearing minerals occur mainly as ooiltic hematite more than 

95 % (Fig. 2A and 2B). Fluoroapatite and chamosite occur as fine-grained filling the spaces 

between oolitic grains (Fig. 2B, 2C and 2D). Sample G2, Figure (2E) show that sample composed 

mainly from ooiltic hematite about 50 % and detrital quartz. Sample G1, SEM images show that Fe-

bearing minerals occur mainly as fine-grained cement-like materials mixed with phosphorus 

bearing mineral (Fig. 2F and 2H).

Microwave treatment

Samples were treated using a 2.45 GHz microwave oven (sandstorm, model S25CSS11E and cavity 

dimension 513 mm (D) × 482 mm (W) × 310 mm (H))   with 900 W maximum output power. Iron 
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ore samples were treated in the oven for varying exposure times. 100 grams of the representative 

samples with grain size in the range (-2mm +1mm) were used in each test. Iron ore samples were 

treated under normal atmosphere condition and directly used without any pretreatment. Samples 

were placed in the microwave oven in crucibles made of pure alumina. The temperature of each

sample was measured by quickly inserting a thermocouple into the sample after the power was 

turned off, and the temperature was monitored by a digital display temperature controller. The 

measured temperatures are the bulk temperature of the samples (Table 2). The samples were then 

allowed to cool in the microwave oven to room temperature. 

Analytical techniques

X-ray diffraction (XRD) & X-ray fluorescence (XRF)

The bulk mineralogical composition and crystallinity of the iron ore samples were performed on 

powdered samples using a Siemens D5000 XRD powder diffractometer. The device contains a Cu 

Kα radiation with a graphite monochromator. The XRD analyses were made using 40 KV and 40 

mA. Chemical analyses were performed on whole rock powders by X-ray fluorescence (Bruker 

AXS S4 Pioneer). 

Scanning Electron Microscope (SEM)

The micro-morphological characteristics of the iron ore before and after microwave treatment were 

investigated using Zeiss ULTRA plus field emission scanning electron microscope (FESEM) 

attached to an Energy dispersive X-ray spectroscopy (EDS) unit for chemical analysis.

Thermoanalyses (TG-DSC) & Mass spectroscopy (MS)

The thermal behavior of iron ore was studied using thermogravimetry (TG–DSC) and mass 

spectroscopy (MS), which was performed using a Netzsch STA409 PC Luxx under air atmosphere. 

Approximately 30.84 mg of sample was placed in a platinum crucible on a pan of the microbalance 

at a heating rate of 20 °C/min. The temperature range was 20–1250 °C. 
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Fourier Transform Infrared (FTIR) spectroscopy 

Infrared Spectroscopy is used for the identification of iron oxide and provides information about 

crystal morphology, degree of crystallization of iron oxide. Surface chemistry of microwave treated 

and untreated samples were examined via Bruker Vertex V80 vacuum FT-IR spectrometer with 

Harrick Praying Mantis TM DRIFT equipment. The angle of incidence of the IR beam was 45° and 

100 scans were collected at a resolution of 4 cm−1. The spectral were collected within the range of

4000–400 cm−1 wave number.

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy was used to provide information about the oxidation and 

structural state of the iron oxides. The X-ray photoelectron spectroscopy was carried out using an 

ESCALAB 250Xi instrument manufactured by Thermo Fisher Scientific. We used monochromatic 

Al Ka line radiation, the base pressure of the analysis chamber before the experiment was about 

1x10-9 mbar. During the measurement the pressure was about 4x10-7 mbar due to the surface charge 

compensation system. All binding energies were calibrated using C 1 s peak with a fixed value of 

284.8 eV. Samples were prepared as compressed powder on pieces of indium. Indium was selected 

because of its softness that gives a mechanical consistency to the sample and its electrical 

conductivity, which is adapted to the analysis of insulating or semi-conductive materials. Spectra 

were analyzed using Avantage software (version 5.934). Spectra of iron, and oxygen were fitted 

using a Shirley background, and line shapes were expressed by an asymmetric Gaussian–Lorentzian 

sum function. The Fe 2p3/2 envelope was fit using peaks corresponding to the GS multiplets [16] 

and Grosvenor et al. [15].

Results and discussion

Thermoanalyses (TG-DSC) & Mass spectroscopy (MS)
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Thermogravimetry (TG) and differential scanning calorimeter (DSC) analyses are shown in Figs. 

(3, 5 and 5). In sample G1 (Fig. 3) three endothermic peaks (73 °C, 292 °C and 494 °C) and weak 

exothermic peak (574 °C ) were found during the heating process. In sample G2 (Fig. 4) two 

endothermic peaks (64 °C  and 568 °C) and weak exothermic peak (682 °C) were found during the 

heating process. In sample G3 (Fig. 5), three endothermic peaks (74 °C, 276 °C and 483 °C) and 

two weak exothermic peaks (521 °C and 615 °C) were found during the heating process. 

In all samples, the endothermic peaks resulted from moisture evaporation and the removal of free 

and combined water that are associated with the series of weight losses shown in Figs. (3a, 4a and 

5a). This behavior was confirmed by the results of mass spectrometry for the H2O evolved during 

the heating process (Figs. 3b, 4b and 5b). There are weak exothermic reactions between 616 °C and

680 °C, probably due to the recrystallization of the carbonate-apatite (fluoroapatite); this 

recrystallization involves the release of CO2 from carbonate-apatite structure. This release of CO2

was observed in mass spectrometry for CO2 gas evolving during heating process (Figs. 3b, 4b and 

5b). The DTG curve shows a slight weight loss between 616 °C and 680 °C (Fig. 5b), which 

confirms the release of CO2 in this temperature range. 

X-ray diffraction (XRD)

The effect of microwave radiation on the crystal structure of iron ore was characterized by XRD. 

Figs. (6, 7 and 8) show the XRD analysis for untreated iron ore and iron ore exposed to 900 W 

microwave power for a durations of 60 s and 120 s. 

In sample G1 (Fig.6), At 60 s of exposure time, the peak intensity of hematite increases in the 

microwave-treated sample, while the peak of goethite disappeared, due to transformation of goethite 

to hematite. At this exposure time, water removed from goethite. There are change in the peak of 

fluorapatite due to the recrystallization of the carbonate-apatite (fluorapatite) and release of CO2

from carbonate-apatite structure as indicated in TG-DSC analysis. At 120 s of microwave exposure 

time, the peaks of phosphorus bearing mineral (fluorapatite) completely gone out, which indicated 
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that fluorapatite decomposed at this exposure time and become amorphous. Also traces of 

ferromagnetic (maghemite or magnetite) were observed.

In sample G2 (Fig.7), with increasing microwave exposure time, the peak of hematite become 

sharper. At 120 s of exposure time, traces of ferromagnetic (maghemite or magnetite) were 

observed.

In sample G3 (Fig.8), At 60 s exposure time, the microwave-treated sample exhibits peaks that are 

sharper than that of the untreated sample. This behavior indicates that the peak intensity of hematite 

increases after microwave treatment, but no phase change occurs. In addition, the peak of chamosite 

disappeared in the microwave-treated sample exposed for 60 s. Because the temperature of the 

sample at this exposure time was approximately 546 °C, chamosite decomposed at this temperature 

and became amorphous. At 120 s of microwave exposure, traces of ferromagnetic (maghemite or 

magnetite) were observed, which is due to a microwave-heating induced phase change at the grain 

boundaries of the minerals [19, 20]. Paramagnetic hematite (α - hematite) remains the dominant 

mineral phase. Fig. (9) indicates that after microwave treatment for 120 s, melting occurred at the 

grain boundaries of the mineral particles.

An explanation for the increasing hematite peak intensity with increasing microwave exposure time 

is that gangues were dissociated after exposure to microwave radiation, while the crystallinity of 

hematite was increased [7]. Barani et al. [21] observed the effect of microwave treatment on the 

crystal structure of iron ore. He found that after exposure to 1100 W of microwave radiation for 180 

s, the XRD analysis indicated that the height of the peaks change with the microwave treatment, but 

no phase change occurred. This result due to the fact that any changes that occurred in the sample 

were below the threshold of the XRD sensitivity, which is approximately 5% of the sample volume 

[21]. 

Fourier Transform Infrared (FTIR) spectroscopy
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The original iron ore sample and microwave treated samples were characterized using FTIR. Figs. 

(10a, 11a and 12a) illustrate the FTIR spectra of untreated iron ore samples. FTIR spectra of 

samples showed that the absorption band at a high wavenumber region is due to OH stretching, and 

at lower wavenumber as a result of Fe-O lattice vibration.

The IR bands of the studied samples at 408-428 cm－1, 503-509 cm－1 and 701-709 cm－1 are 

considered to represent hematite [22, 23, 24]. All samples contain the characteristic OH stretching 

(νOH) and HOH bending (δOH) vibrational bands at 3423-3444 cm－1 and 1641.1 cm－1
, respectively 

[ 24, 25, 26]. These bands were reported in pure iron oxides [27, 28]. The broad absorption band

around 3423.4 cm-1 (Fig. 10a) was attributed to stretching of hydroxyl of goethite and ‘loosely 

bound water’ adsorbed on the surface [29]. The bands at 3619, 3652, 3694 and 3696.9 cm-1

correspond to bridging OH groups in Al-OH-Si and can be attributed to the location of hydrogen 

atom(s) on different oxygen atoms in the framework [30]. It was observed that weak tiny complex 

bands at 1000‒1100 cm -1
, these bands can be assigned to the asymmetric stretch vibration of the 

phosphate group (Fig. 10a). In addition, doublet bands at 1429-1430 cm-1 and 1529-1554 cm-1

correspond to carbonate group, which is related to phosphorus bearing minerals [31] Figs. (10a, 

12a). Bands in region from 815-1119 cm-1 and 1878-1995 cm-1 (Fig. 11a), bands from 1087-1182 

cm-1 and 1787-1999 cm-1 (Fig. 10a), band at 1083 cm −1 (Fig. 12a) due to quartz (SiO2) grains.

The FTIR spectrum of the microwave treated iron ore for 60 s is shown in Figs. (10b, 11b and 12b). 

The most obvious change in the spectrum is that the bands at 1641 cm－1, 3423-3444 cm－1 and 

3696.89 cm－1 gradually decreased due to the removal of free and combined water from the sample 

after microwave treatment. The occurrence of a new band in FTIR spectra from 2343 to 2360 cm -1

is attributed to adsorbed atmospheric carbon dioxide on the sample surface [25].

The FT-IR spectrum of microwave treated iron ore for a duration of 120 seconds can be seen from

Figs. (10c, 11c and 12c). The bands attributed to the O–H stretching mode and H–O–H bending 

mode, and bands attributed to phosphate and carbonate groups, which are related to phosphorus 
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bearing minerals, of the original iron ore disappeared. A possible explanation is that after 

microwave radiation the functional chemical groups of phosphorus bearing mineral and other 

gangues have dissociated [7]. Due to selective heating of microwave, based on dielectric properties 

of materials, iron oxides is good heated with microwave while gangues (carbonates, phosphates and 

silicates groups) are little heated with microwave, hereby after microwave radiation the crystallinity 

of iron bearing minerals increase and the functional chemical group of gangue dissociated after 

microwave radiation due to interact mineral matter with gangue [7].  

X-ray photoelectron spectroscopy (XPS) 

XRD and FTIR didn’t give enough or detailed information about the effect of microwave radiation 

on iron bearing minerals. In order to obtain information about the oxidation state and structure of 

iron bearing minerals, high resolution spectra of Fe (2p) peak and the O (1s) peak were studied. 

XPS survey scans of high phosphorus iron ore indicated the presence of Fe, O, Si, Ca and P (Figs. 

13- 15). It can be seen that the shift in the Fe (2p) peak binding energy corresponds to iron oxide as 

a main component of the iron ore whereas the shift in the O (1s) peak corresponds to oxygen, 

phosphate and iron oxides speciation. Also, the shifts in the Ca (2p) and P (2p) peaks correspond to 

phosphate mineral, and the shift in the Si (2s) peak corresponds to quartz.

Figs. (13, 14 and 15a&b) show the XPS survey scan spectra of untreated and microwave treated 

samples for 120 s, respectively. These figures demonstrate insignificant difference between 

untreated and microwave treated samples except the Ca (2p) peak which is slightly increased in the 

intensity of Ca (2p) peak after microwave treatment, which can be attributed to fluorapatite 

decomposition after microwave treatment.

Fe 2p spectra
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Figs. 16, 17 and 18 show the Fe 2p core level XPS spectra of untreated and microwave treated 

samples for 120 s, recorded for a narrow scan between 695.0 eV and 745.0 eV. 

For untreated sample (Figs. 16 - 18), the Fe 2p spectrum contain two peaks of Fe 2p3/2 and Fe 2p1/2

at binding energy (B.E.) positions of ∼710.28 - 710.48 eV and ∼723.78 – 723.88 eV, respectively. 

The observed signals at these B.E. positions seem to correspond to the formation of iron oxide 

phase, i.e., Fe3+ in Fe2O3 (hematite) phase [32-37]. The Fe 2p3/2 peak has associated satellite peaks 

at ∼718.28 – 718.48 eV. Researchers have investigated that the satellite peak of Fe 2p3/2 for Fe2O3

is located approximately 8 eV higher than the main Fe 2p3/2 peak [38-40]. In addition, another 

satellite peak at ∼ 732.5 – 732.58 eV; this may be a satellite peak for Fe 2p1/2. The observed B.E. 
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difference between Fe 2p doublet spectra, i.e., between 2p3/2 and 2p1/2 is ∼13.4 corresponding to 

iron oxide (Fe2O3) phase [34, 41, 42].

For microwave treated samples (Figs. 16 - 18),  there is a significant shift in the position of the peak 

maxima in the Fe 2p doublet, the B.E. positions are observed to be at ∼709.48 – 709.68 eV (for Fe

2p3/2) and ∼722.98 eV (for Fe 2p1/2) which is shifted to lower B.E. side as compared to untreated 

samples. The satellite peak which associates with Fe 2p3/2 peak disappeared in microwave treated 

samples. 

Figs. 16-18 show the fitted Fe 2p3/2 spectra for untreated and microwave treated samples for 120 s, 

respectively. 

For untreated samples, (Figs. 16a -18a), the 2p3/2 envelopes have been fitted well with the GS 

multiplets, the multiplets and surface peaks used to fit the Fe3+ have been labelled on the spectrum. 

The fitted 2p3/2 envelopes correspond to the presence of iron oxide Fe 3+, i.e., Fe2O3 phase. A 
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satellite peak is also observed at binding energy (B.E.) position ∼718.28 – 718.48 eV which is ∼8.0 

eV higher than Fe 2p3/2 peak [12, 43-46]. 

On the microwave treated samples (Figs. 16b - 18b), the 2p3/2 spectrum is distinct from untreated 

samples, having a thick Fe 2p3/2 envelope with a shoulder on the low-BE side. A single low-

intensity peak on the low-binding-energy (BE) side of the envelope was added to account for the 

formation of Fe ions with a lower oxidation state Fe 2+ [15]. It can also be seen from the spectra that 

B.E. positions of Fe 2p3/2 get shifted to lower B.E. side on the microwave radiated samples. Satellite 

peak which associated with 2p3/2 disappeared on microwave treated samples. This means that the 

oxidation state of iron oxide has been changed. 

The Fe 2p3/2 spectra for the untreated iron ore shows relatively narrow peaks (FWHM) of Ca. (3.8 –

3.9) with a small broad satellite peak centered around ∼718.28 – 718.48 eV, that is typical of the 

Fe(III) oxidation state [12, 44]. When the sample treated with microwave, there was a significant 

broadening of the Fe 2p3/2 peak (FWHM) of Ca. (4.8 – 4.9) and it was shifted to a lower BE. This 

finding indicates the presence of a mixture of Fe(II) and Fe(III) oxides, both of which contribute to 

the Fe 2p2/3, some reduction of Fe3+ state to Fe2+, has taken place. This means that after microwave 

radiation iron oxide (hematite, Fe 3+) transformed into more magnetic phase as observed  due to 

reduction of some Fe 3+ to Fe 2+. This finding confirmed by other researchers [13, 44, 47, 48]. This 

result was investigated by Omran et al. [4]. They concluded that the improvement in iron recovery 
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is attributed to microwave radiation enhancement of the magnetic properties of weak magnetic 

mineral (hematite) through the altering of the paramagnetic hematite mineral to more magnetic 

phases. In addition, changes in the Fe 2p peak shape were observed together with alterations in the 

profile and position of the O 1s peak. Shake-up satellite peak which changes as the oxidation state 

of iron is altered, gives an indication about the oxidation state of iron.

Fe2p 3/2 satellite

The exploitation of charge transfer satellites (presence or absence, distance between a satellite and 

its photoelectron peak) associated to Fe 2p peaks gives data about the oxidation state of iron [34, 

49, 50]. The positions of the satellite peaks for the Fe 2p1/2 and Fe 2p3/2 peaks are also very sensitive 

to the oxidation states and these peaks have been used for qualitatively determining the ionic states 

of iron [34]. These shake-up core -level satellites are caused by an incident x-ray photon giving up a 

discrete portion of its energy to the excitation of a second electron rather than imparting its entire 

quantum of energy to the primary, photo-ejected electron. This photoelectron will thus have lost a 

small amount of energy and will appear at a slightly higher binding energy than the parent peak 

[34].  

In a compound in which iron is at the oxidation state (+II), satellite of Fe 2p constitutes a shoulder 

in the photoelectron peak, whereas for a species with Fe (+III), this same satellite is very distinctive 

from the photoelectron peak. Moreover, in mixed oxides of Fe (+II) and Fe (+III), such as Fe3O4, 

the charge transfer satellite has disappeared from the spectrum [34, 50, 51].

In the present study, for untreated samples, the 2p3/2 photoelectron peak is observed around 710.48

eV associated with a distinctive shake-up satellite around 718.48 eV. These features indicate that 

the iron found on the oxidation state Fe (+III). In the microwave treated samples, the 2p3/2 peak 

shifted to lower B.E. and the satellite peak has disappeared from the spectrum, which indicated that 

the iron found is a mixture of Fe(+II) and Fe(+III) oxidation states. These results indicated that after 
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microwave radiation a portion of Fe(+III) was reduced to Fe(+II) and more magnetic phase was 

formed as investigated elsewhere [4]. These results indicated that microwave radiation had a 

positive effect on the magnetic properties of iron oxide, through the formation of ferromagnetic 

phases. This improvement in magnetic properties will facilitate the magnetic separation of iron 

bearing minerals from associated phosphate and other gangue minerals.

O1s spectra

Figs. (19 – 21) show the O 1s core level spectra of untreated and microwave treated samples for 120

s, recorded for a narrow scan between 525.0 eV and 545.0 eV. 

The O1s spectrum for the untreated iron ore contains contributions from quartz, iron oxide, 

hydroxyl (OH -) and oxide oxygen (O2-). Two main components are observed at (∼529.48 – 529.98 

eV) and (∼531.28 – 532.08 eV). The lower binding peak due to the oxide [12, 34, 43, 44]. The 

second peak which occurs at higher binding energy due to the presence of hydroxyl species as a 

result of chemisorption of water on the air-exposed surfaces [44]. It was reported that O2- oxygen 

shift to higher binding energies when OH- is structurally incorporated in the ferric oxide. They 

suggested that interaction between the proton on the hydroxyl oxygen and the oxide oxygen 

produces the binding energy shift to higher binding energies [12, 52].
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Figs. (19 – 21) show the deconvoluted O 1s spectra of untreated and microwave treated samples for 

120 s, respectively. Which shows differences between untreated and microwave treated iron ore 

samples. 

The O 1s spectrum for sample G1 (Fig. 19) consists of two equal intensity O 1s peaks. The lower 

binding peak (529.48 eV) due to oxide, the second peak at (531.28 eV) due to hydroxyl. Microwave 

treatment shifted the oxygen peak to lower B.E. side by ∼0.8 eV as compared to untreated sample. 

The O 1s spectrum for sample G2 (Fig. 20) consists of two O 1s peaks. High intensity peak at 

(529.98 eV) due to oxide, and a low intensity peak at (532.08 eV) which is formed from hydroxyl 

component. After microwave treatment the oxygen peak getting shifted to lower B.E. side by ∼0.8 

– 0.9 eV as compared to untreated sample. It can be seen that, the shift in O 1s peaks to lower 

binding energy associated with the shift in Fe 2p peaks, due to reduction of some Fe+3 that 

transformed to Fe +2. 

The O 1s spectrum for sample G3 (Fig. 21) consists of two O 1s peaks. High intensity peak at 

(529.78 eV) due to oxide, and low intensity high energy tail at binding energy of (531.58 eV) which 

is formed from hydroxyl component. After microwave treatment, it can be seen that the high energy 
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peak has completely gone out and a broad peak at ∼530.38 eV has been observed which is mainly 

due to the oxide phase of iron (Fe+2 and Fe+3).

The relative intensity of oxide and hydroxyl components vary with microwave treatment of iron ore 

where the O-H component drops significantly with microwave treatment, which causes the loss of 

water [12, 44, 47]. This phenomenon has been also evidenced by FTIR. Significant changes occur 

in the oxygen peak width, peak position and peak intensity associated with alterations in the Fe 2p 

profiles after microwave treatment, as shown in Figs. 19 - 21, indicated that a more ordered 

structure is developing. The disappearance of the high binding energy side of the O 1s peak is 

shown in Fig. 21. Such structure at an energy of approximately 531.5 eV has been attributed to 

surface defects or non-stoichiometric surface oxygen ions [44].

Conclusions

The application of XRD, XPS and FTIR spectroscopic methods in studying the effect of microwave 

radiation on the high phosphorus iron ore provides important information about the structure and 

oxidation state of the iron oxides. The results indicated that after microwave treatment the three 

different iron ore samples affected similarly.

XRD analysis showed that the peak intensity (crystallinity) of hematite increases after microwave 

treatment, but no phase change occurs. On the other hand, FTIR analysis showed that, after 

microwave radiation the functional chemical groups of phosphorus bearing minerals (fluoroapatite) 

and others gangues dissociated due to interaction of mineral matter with gangue. 
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High resolution XPS analyses of Fe 2p peaks, O 1s peaks, Fe 2p shake up satellite peaks and full 

wide at half maximum (FWHM) values for untreated and microwave treated samples showed that 

after microwave radiation a portion of Fe (+III) was reduced to Fe (+II). This means that after 

microwave radiation iron oxide (hematite, Fe 3+) transformed into more magnetic phase (Fe 2+). 

These results indicated that microwave radiation had a positive effect on the magnetic properties of 

iron oxide, through the formation of ferromagnetic phases. This improvement in magnetic 

properties will facilitate magnetic separation of iron bearing minerals from associated gangue 

minerals including phosphate.
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Figures captions: 

Fig. (1) X – ray diffraction pattern for iron ore samples. He = hematite, Go = goethite, P = 

fluorapatite, Q = quartz, and Ch = chamosite.

Fig. (2) SEM images of iron ores samples. Sample G3 , (A) SEM image shows the occurrence of 

hematite (He) as oolitic,  (B) Enlargement of squared area in (A), (C) and (D) EDX analysis of the 

square areas (i) and (ii) in (B). Sample G2, (E) SEM image shows that sample composed mainly 

from oolitic hematite (He) and detrital quartz (Qz), with minor chamosite (Ch). Sample G1, (F) 

SEM image shows sample occur as fine-grained cement-like materials of hematite and phosphorus 

(P), (H) EDX analyses of the squared area in (F).   

Fig. (3) TG-DSC curves (a), and (MS) mass spectrometry (b) for sample G1.

Fig. (4) TG-DSC curves (a), and (MS) mass spectrometry (b) for sample G2.

Fig. (5) TG-DSC curves (a), and (MS) mass spectrometry (b) for sample G3.
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Fig. (6) XRD patterns for the untreated iron ore and for the iron ore after exposure to 900 W of 

microwave power for 60 s and 120 s exposure times (sample G1). He= hematite, Go= goethite, P= 

fluorapatite, Q= quartz, Ch= chamosite, and M= maghemite or magnetite.

Fig. (7) XRD patterns for the untreated iron ore and for the iron ore after exposure to 900 W of 

microwave power for 60 s and 120 s exposure times (sample G2). He= hematite, P= fluorapatite, 

Q= quartz, Ch= chamosite, and M= maghemite or magnetite.

Fig. (8) XRD patterns for the untreated iron ore and for the iron ore after exposure to 900 W of 

microwave power for 60 s and 120 s exposure times (sample G3). He= hematite, P= fluorapatite, 

Q= quartz, Ch= chamosite, and M= maghemite or magnetite.

Fig. (9) BSE images of microwave treated iron ore, indicating that melting occurred at the grain 

boundaries of the minerals. (A) and (B) BSE images of sample G3, (B) Enlargement of squared area 

in (A). (C) and (D) BSE images of sample G1, (D) Enlargement of squared area in (C). (E) and (F) 

BSE images of sample G2.  

Fig. (10) FTIR spectra for sample G1; (a) untreated, (b) microwave treated iron ore for 60 s, and (c) 

microwave treated iron ore for 120 s

Fig. (11) FTIR spectra for sample G2; (a) untreated, (b) microwave treated iron ore for 60 s, and (c) 

microwave treated iron ore for 120 s

Fig. (12) FTIR spectra for sample G3; (a) untreated, (b) microwave treated iron ore for 60 s, and (c) 

microwave treated iron ore for 120 s

Fig. (13) Survey scan XPS spectra for sample G1; (a) untreated, (b) microwave treated iron ore for 

120 s.

Fig. (14) Survey scan XPS spectra for sample G2; (a) untreated, (b) microwave treated iron ore for 

120 s.

Fig. (15) Survey scan XPS spectra for sample G3; (a) untreated, (b) microwave treated iron ore for 

120 s.
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Fig. (16) Detail XPS spectra of Fe 2p and Fitted Fe 2p3/2 spectra for sample G1; (a) untreated, (b) 

microwave treated iron ore for 120 s.

Fig. (17) Detail XPS spectra of Fe 2p and Fitted Fe 2p3/2 spectra for sample G2; (a) untreated, (b) 

microwave treated iron ore for 120 s.

Fig. (18) Detail XPS spectra of Fe 2p and Fitted Fe 2p3/2 spectra for sample G3; (a) untreated, (b) 

microwave treated iron ore for 120 s.

Fig. (19) Detail and Deconvoluted XPS spectra of O 1s for sample G1; (a) untreated, (b) microwave 

treated iron ore for 120 s.

Fig. (20) Detail and Deconvoluted XPS spectra of O 1s for sample G2; (a) untreated, (b) microwave 

treated iron ore for 120 s.

Fig. (21) Detail and Deconvoluted XPS spectra of O 1s for sample G3; (a) untreated, (b) microwave 

treated iron ore for 120 s.
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Table (1) Chemical analysis of the representative samples

Table (2) Matrix for microwave tests (900 W, 2.45 GHz).

Sample temperature (°C)Exposure time (s)
Sample G1 Sample G2 Sample G3

60 s 490 516 546
120 s 778 794 828

Sample FeO 
(%)

TFe 
(%)

P2O5

(%)
CaO 
(%)

F 
(%)

SiO2

(%)
Al2O3

(%)
MgO 
(%)

MnO 
(%)

G1 62,18 48,33 5,64 7,59 0,37 15,03 3,37 1,23 1,76
G2 59,28 46,08 2,25 2,67 0,32 29,54 3,27 0,27 0,02
G3 74,96 58,27 3,24 5,44 0,19 7,48 4,47 1,26 0,54



Page 27 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507373&guid=018fc2fc-15cc-4b74-9ca3-c330821ce32b&scheme=1


Page 28 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507374&guid=580a0aeb-c31f-450b-ad62-892c03ffc654&scheme=1


Page 29 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507375&guid=7fba7a3e-c44d-44ff-b847-ed8db2868b13&scheme=1


Page 30 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507376&guid=38b8a15b-dfda-4dd3-97aa-19c5c902e429&scheme=1


Page 31 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507377&guid=6341d92e-0778-4ea2-950d-c053bbce1b76&scheme=1


Page 32 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507378&guid=65ad73ae-5d00-4571-a6f8-ba5b1a8c8329&scheme=1


Page 33 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507379&guid=9e8f559f-ac60-4300-9205-73f5cc907bfa&scheme=1


Page 34 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507380&guid=1e733dee-f087-44ca-93ef-2ad1eb681bb3&scheme=1


Page 35 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507381&guid=4ab99dcc-b9ad-497f-9afb-1bda0211c45c&scheme=1


Page 36 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507382&guid=3b952e33-fa1c-47ae-a63d-409eedd59daf&scheme=1


Page 37 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507383&guid=60ffb80b-1b60-416b-9f04-16942a464f83&scheme=1


Page 38 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507384&guid=db7ddc22-13d1-4472-bedc-022f3ed21850&scheme=1


Page 39 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507385&guid=7026cff9-ccee-4e01-88d2-69270cf54adc&scheme=1


Page 40 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507386&guid=c5bbef28-3b27-49be-ab96-a43fccb208ab&scheme=1


Page 41 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507387&guid=d67e06e1-bb4f-4720-93ee-e3541de66bf6&scheme=1


Page 42 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507389&guid=24b81158-9aa3-4c0d-8189-94a0507930f4&scheme=1


Page 43 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507390&guid=1c225ae6-7f95-4012-81e1-4673541afdef&scheme=1


Page 44 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507391&guid=abef12ce-4aa3-4d0c-a32b-64ffb07e467d&scheme=1


Page 45 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507392&guid=4f5b1e6a-26cb-40a9-88ad-9368b56e26da&scheme=1


Page 46 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507393&guid=7243fdf0-669e-4317-bcf5-4adcff7c3373&scheme=1


Page 47 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Table

http://ees.elsevier.com/apsusc/download.aspx?id=1507394&guid=71070a3e-8dbf-4e73-bd1c-c99c2c8f2ee1&scheme=1



