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Abstract: The oxidation state of iron in minerals is an important part of analysis. Especially for
minerals used as a raw material for metallurgical processes, the oxidation state has a significant
impact on the process. One crucial impact is the varying carbon requirement in smelting furnaces,
which can be significantly different if the oxidation state is not assessed correctly. Compared to
methods usually used to determine the oxidation state, a relatively simple and fast thermogravimetric
method is proposed in this article. As a sample, a detailed analyzed chromite sample from Turkey is
used. Bulk chemical analysis, Raman spectroscopy, X-ray diffraction, and QEMSCAN® are used to
determine the preconditions of the sample. Mossbauer spectroscopy is used as a reference method
to determine the oxidation state of iron in the sample. Uncertified wet chemical methods are
investigated as well in this paper and the results are compared with the reference measurement. Using
a thermochemical simulation tool, parameters for the thermogravimetric method are investigated and
the limitation of this method is examined. The mean ferrous ratio in the sample determined by the
proposed method is 75.205%, which is only slightly lower than the ferrous ratio of 76% determined
by Mossbauer spectroscopy.

Keywords: chromite; iron oxidation state; ore mineralogy; coke balance; thermogravimetry; Moss-
bauer spectroscopy; ferrous iron; ferric iron

1. Introduction

The determination of the ferric or ferrous ratio in chromite ore or minerals in general is
typically a difficult property to measure [1]. However, in metallurgical processes employing
the reduction of metal oxides, knowledge about the oxidation state is important, as the
oxidation state can influence the process significantly. This article investigates options to
easily measure the oxidation state of iron in chromite. Chromite is commonly used as a
raw material for the production of ferrochrome, which is usually carried out in a smelting
reduction process using a submerged arc furnace or electric arc furnace. While the energy
balance of the smelting furnace for the production of ferrochrome is more affected by the
mineralogy of the sample compared to the Fe?* /Fe*-ratio, the Fe?* /Fe3*-ratio strongly
impacts the carbon requirements for the production of ferrochrome. Using a determined
Fe?* /Fe*-ratio compared to the assumption that all iron in the ore is in the divalent state
can increase the carbon consumption by 15% [1]. On the other hand, assuming a lower
oxidation state than the actual oxidation state for the calculation of the carbon consumption
can result in a carbon shortage.

In the case of submerged arc furnaces, the phenomena occurring when too much coke
is supplied is called overcoking, while a smaller coke charge than required is called under-
coking, and both conditions have a negative impact on the process. For ferromanganese
production in submerged arc furnaces, overcoking leads to a larger coke bed, a lower
temperature for a fixed load and a higher CO, content in the off-gas [2]. Undercoking can
lead to a higher content of valuable metal oxides in the slag and even solid metal oxides,
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which increase the viscosity of slag, a significantly increased electrical resistance during
tapping [3], operational problems, lower metal yields and reduced tonnages [4].

During ferrosilicon chrome production, overcoking results in the formation of silicon
carbide (SiC) and undercooking results in residual layers of quartz (SiO,) and alumina
(Al,O3). The result of both conditions causes a bad tapping performance [5].

Furthermore, knowledge about the oxidation state is relevant for direct reduction
processes, since the usage of preoxidized ore has a positive effect on reduction kinetics and
metallization rates for the treatment of titanomagnetite [6], ilmenite [7], or chromite [8-12],
the proposed method can be a valuable tool to measure if the preoxidation was sufficient
or if residual ferrous iron remains in the ore.

Current options used to determine the iron oxidation state include Mossbauer spec-
troscopy [13-15], electron microprobe measurements (EPMA) [16-18], X-ray photoelec-
tron spectroscopy (XPS) [19], micro-X-ray absorption near-edge structure spectroscopy
(XANES) [20,21], or wet chemical methods [1,22]. Especially the spectroscopy methods and
EPMA are quite labor-intensive and time-consuming. While EPMA measurements to deter-
mine the ferric iron content in chromites have the drawback that the accuracy might be too
low [23], XPS is limited to the analysis of the first atomic layers of the sample [24]. XANES
and XPS have the advantage that besides iron it is possible to determine the oxidation
state of other transition metals like chromium as well. This can be relevant for residues in
which hazardous Cr(VI) is present, like dust from ferrochrome production [25] or chromite
ore processing residues (COPR) [26]. Disadvantages of wet chemical methods are that
they are relatively labor-intensive and arduous [24], furthermore refractory iron-containing
minerals like chromite, ilmenite or magnetite are either dissolved slowly by wet chemical
procedures or not at all [22]. Another inaccuracy can occur, if sulfur is present in the sample,
as sulfur can reduce ferric iron [22].

To overcome those challenges, a thermogravimetric method is investigated to deter-
mine the ferrous iron content in a metallurgical-grade chromite concentrate. As a reference
method, Mossbauer spectroscopy was applied to determine the ferric and ferrous ratio in
the ore sample, combined with chemical analysis to calculate the ferrous iron content. Moss-
bauer was chosen since it proved to be a reliable method for the analysis of Cr-spinels [27].
In the first segment of the thermogravimetric method, the ore is calcined under an argon
atmosphere to remove volatile components, assuming that the oxidation state of metal
oxides in the ore will not be changed. In the second segment, the ore will be oxidized. The
resulting mass gain during the second segment is used to calculate the ferrous iron content
in the original sample, assuming that the mass change is only due to the oxidation of
ferrous iron and other elements remain in the original oxidation state. Previously, a similar
method was successfully employed for synthetic, iron-containing samples and igneous
rocks [24].

2. Materials and Methods

In this chapter the origin of the raw material and the used analytical equipment is
briefly described.

2.1. Origin of the Raw Material

The sample investigated in this article is a commercial metallurgical-grade chromite con-
centrate from Turkey. Turkish chromite deposits are classified as podiform deposits [28-30].
The concentrate was produced by applying the method of gravity separation using a
concentrator table.

2.2. Analytical Methods

To identify minerals present in the ore sample, the “MA-RBE-V02” Raman microscope
made by “Stonemaster UG, Linkenheim-Hochstetten, Germany” was used. The Raman
microscope was equipped with Nd-YAG laser (wavelength = 532 nm). The microscope had
a magnification of 50. The numerical aperture was 0.55.
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The chemical composition of the ore sample was analyzed using a wavelength dis-
persive X-ray fluorescence spectrometer (XRF) “Axios™®” made by “Malvern Panalytical
B.V.”, Almelo, Netherlands”. The samples were ground and sieved to a grain size below
63 pm. The samples were analyzed as fused-cast beads with the wide range oxide (WROXI)
calibration and as pressed powder tablets with the “Omnian” and “Pro-Trace” calibra-
tion, all from “Malvern Panalytical”. Furthermore, two contract laboratories analyzed the
sample via XRFE and one laboratory analyzed trace elements with an inductively coupled
plasma optical emission spectrometer (ICP-OES).

A “Spectro ARCOS” ICP-OES made by “SPECTRO Analytical Instruments GmbH,
Kleve, Germany” was used to analyze the iron concentration in the leach solution.

Carbon and sulfur analysis were carried out with an “ELTRA CS 2000” system made
by “ELTRA GmbH, Haan, Germany” based on a combustion method. Carbon and sul-
fur measurements were carried out three times per sample. Furthermore, two contract
laboratories analyzed the sample with a combustion method as well.

In addition to the carbon analysis by the total combustion method, the amount of
carbonates was determined using the carbonate analysis method after Scheibler according
to DIN EN ISO 10693 [31]. For the measurement, a ground ore sample is dissolved in
hydrochloric acid and the volume of evolved CO, is measured [31].

A “STA 449 F3 Jupiter®” made by “Netzsch-Geritebau GmbH”, Selb, Germany was
used for thermogravimetric trials. Al,Os-crucibles with a volume of 0.3 mL and 8 mm
diameter were used for the trials. Per trial, the sample mass was between 99.63 mg and
101.93 mg. The samples were ground and sieved to a grain size below 63 um. MgO used as
an additive in thermogravimetric trials had a purity of 99.95% and a mesh size below 325.

X-ray diffraction (XRD) was carried out using the “STADI MP” powder diffractometer
made by “STOE&Cie GmbH”, Darmstadt, Germany. The diffractometer was equipped
with a molybdenum anode (55 kV, 40 mA) and a Germanium monochromator filtered the
Kal-radiation (wavelength: 0.70930 A). The measuring time was 2 h per sample.

The particle size of the ore was analyzed by dynamic image analysis using the
“QICPIC” made by “Sympatec GmbH", Clausthal-Zellerfeld, Germany. The particle size
distribution is supplied in the Supplementary Material.

To obtain a quantitative mineralogical composition of the sample, the “quantitative
evaluation of minerals by scanning electron microscopy (QEMSCAN®) was used. As
equipment, a “Quanta 650F” scanning electron microscope (SEM) made by “FEI”, Hillsboro,
USA (FEI) equipped with a “dual Bruker XFlash 5030” energy dispersive X-ray-detector
(EDS) was used.

For the Mossbauer analysis, a sample with a particle size below 63 pm was filled
into a copper ring with an inner diameter of 10 mm. The copper ring was sealed with a
high-purity Al-foil on one side. The sample was fixated with epoxy resin. The transmission
57Fe Mossbauer spectrum was obtained using a conventional Mossbauer apparatus made
by “Halder Elektronik GmbH”, Seehausen, Germany. The measurement was carried out at
room temperature. A °’Co/Rh radioactive single line source was used for the experiment.
The apparatus was operated in a horizontal arrangement. The drive unit to modulate the
radiation energy via the Doppler effect was run at a constant acceleration mode with a
symmetric triangular velocity shape, equipped with a 1024 channel multichannel analyzer.
57Fe Mossbauer parameters and velocity scale are calibrated to o-iron. The folded spectrum
was analyzed using a Voigt-based quadrupole splitting distribution approach [32,33], which
is necessary to model the distribution of quadrupole splitting due to slightly different local
distortion environments around the Fe-probe in Cr-rich spinels.

To simulate the mass gain of the ore during thermogravimetric trials and the ferric
and ferrous ratio dependent of the temperature, the commercial thermochemical software
FactSage™ 8.0 (Centre for Research in Computational Thermochemistry, Montreal, Canada
and GTT-Technologies, Herzogenrath, Germany) is used [34]. The databases FactPS and
FToxid are used for the simulation.
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Leaching trials using a non-standardized Fe3*-determination method [1] were carried
out in a 2000 mL beaker with a magnetic stirrer and 400 rpm. All trials were carried out
at room temperature. Ground ore (63 pm) and as received ore were used, the particle
size distribution of the as received ore is given in the Supplementary Material. The leach
solution was filtered afterwards and analyzed by ICP-OES.

3. Results

In this chapter, the results of the chemical analysis and mineralogical analysis are
presented. Results of different methods to measure the ferric and ferrous iron content in
the chromite sample are shown. Thermogravimetric trials are carried out to measure the
ferrous iron content in the sample, while a thermochemical simulation is carried out to
determine reasonable parameters for the thermogravimetric simulation and to determine
the accuracy of the thermogravimetric ferrous iron determination method.

3.1. Bulk Chemical Analysis of Chromite Concentrate

Figure 1 shows the mean chemical composition and the standard deviation of major
elements analyzed in the ore based on four measurements. The measurements were carried
out with two different XRF methods in the laboratory of IME, and two contract laboratories
analyzed the sample. Iron is not expressed as an oxidic compound yet, since iron can occur
as ferrous and ferric iron in chromite. The content of trace elements determined by the
ICP-OES scan and the XRF “ProTrace” calibration is not relevant for this investigation and is
only listed in the Supplementary Material. The loss on ignition and the standard deviation
based on an internal measurement and two external measurements is 2.16 & 0.07 wt%.
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Figure 1. Bulk chemical analysis of chromite concentrate.

Based on the Cr,O3-content, the ore can be classified as a medium-grade commercial
ore [35]. The chromium to iron ratio is 3.02, and therefore higher than 2.8 and 3.0, which is
considered suitable for metallurgical usage [36,37].

Figure 2 shows the mean carbon and sulfur content and standard deviation based

on three measurements. Total combustion methods were carried out at IME and by two
external laboratories.
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Figure 2. Carbon and sulfur content of chromite concentrate.
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The carbonate analysis after Scheibler determined a carbonate content of 0.81 wt%
expressed as CaCOj3, equivalent to 0.097 wt% carbon in carbonates. Therefore, the amount
of carbon in carbonates is slightly lower than the total carbon content determined by the
total combustion method.

3.2. Mineralogical Investigation of the Chromite Concentrate

To investigate the mineralogy of the chromite sample, X-ray diffraction, Raman mi-
croscopy, and QEMSCAN® is used.

3.2.1. X-ray Diffraction

Figure 3 shows the XRD pattern of the chromite concentrate.

A Forsterite & Lizardite =~ ® Magnesiochromite

Intensity in a.u.

A o

1.30

1.47

1.64 1.81 1.98 2.15 2.32 2.49 2.66 2.83 3.00
Din A
Figure 3. X-ray Diffraction (XRD) pattern of chromite sample.

Dominant peaks are explainable by a magnesiochromite spinel. The PDF-card 04-024-
3779 is used in this case with the chemical formula Mg 5¢Tig 01 Cr1 33Feg 51 Alp 5004. Minor
peaks are explainable by forsterite and lizardite, however due to the low intensity of those
peaks, the content of those minerals is relatively low compared to that of magnesiochromite.
For forsterite the PDF-card 00-004-0768 with the chemical formula Mg,SiOy is used and for
lizardite the PDF-card 04-012-9602 with the chemical formula Mgy 7Feq 13Alg 3511 81O5(OH)4
is used.

3.2.2. Raman Microscopy

Table 1 shows the minerals present in the sample identified with a Raman microscope.
The Raman spectra of each mineral are given in the Supplementary Material. The chemical
formula shown in Table 1 is based on “The New IMA List of Minerals” [38].

3.2.3. QEMSCAN®

For a quantitative analysis of the mineralogical composition, the QEMSCAN® method
was used. Figure 4 shows the false-color image of the investigated sample.

Figure 5 shows the mineralogical composition of the sample in weight percent. The de-
termined composition in volume percent and the density data [39] used for the conversion
into weight percent are given in the Supplementary Materials.
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Table 1. Minerals identified by Raman microscopy.

Mineral Formula [38]
Aragonite CaCOs
Brucite Mg(OH),
Calcite CaCOs
Diopside CaMgSi,Oq
Dozyite Mg7A12 (AlySig)O15(0OH)12
Enstatite Mg, SirOg
Fayalite Fe,Si0y
Forsterite Mg»SiOy
Lizardite Mgs35i,O5(0OH),
Magnesiochromite MgCryO4
Magnesite Mg(COs3)
Quartz SiO,

- ”".7 L]

Chromite
Olivine Others Calcite
HREDC Mg-Chromite  Pyroxene .Dolomite
pi 3 1 ’-‘\:v‘d‘ .1 .
sk S TS MgALSilicate [[llFe-Oxides

Figure 4. QEMSCAN® false-color image of chromite sample.

The major component in the ore is chromite, followed by olivine. Chromite was
identified with Raman spectroscopy and XRD as well. Forsterite and fayalite were identified
with Raman spectroscopy, both are the endmembers of the olivine solid solution. Forsterite
was also identified by XRD. Magnesiochromite, brucite and quartz were all identified
by Raman spectroscopy and QEMSCAN®. Dolomite and iron oxides were identified by
QEMSCAN®, but not by Raman spectroscopy. In the QEMSCAN® results, CaCO3 is only
expressed as calcite, however Raman spectroscopy confirmed the presence of calcite and
aragonite. Furthermore, the content of carbonates present in the sample according to
QEMSCAN® is lower than the determined carbonate content with the Scheibler method.
Either the QEMSCAN® measurement is underestimating the value of carbonates in the
sample, or the Scheibler method yielded higher values for the carbonate content, which
could be possible if other gases like H,S evolved during the carbonate determination [31].
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Pyroxenes were identified by QEMSCAN®, while Raman spectroscopy confirmed the

presence of enstatite and diopside, which are part of the pyroxene group.
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Figure 5. Mineralogical composition as determined by QEMSCAN®.

3.3. Analysis of the Ferric/Ferrous Ratio

The ratio of ferric to ferrous iron is determined using the Mossbauer spectroscopy
method, furthermore, two wet chemical methods are used and presented in this chapter.

3.3.1. Mossbauer Spectroscopy
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To investigate the ratio of ferric and ferrous iron in the sample, Mssbauer spectroscopy

is carried out. Figure 6 shows the % Fe-Mossbauer spectrum of the sample.
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Figure 6. >’ Fe-Mossbauer spectrum of chromite sample.

Velocity in mm/s

The Mossbauer spectrum of the investigated sample shows a broad resonance ab-
sorption contribution, containing three principal lines, which can be assigned to three
principal doublet sites, based on quadrupole splitting values and the isomer shift. The
dominating site belongs to ferrous iron, while the other two sites belong to ferric iron. Typi-
cally for spinels is the broad contribution of Fe?* consisting of three subcomponents. This
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is explainable by the quadrupole splitting distribution due to different nearest-neighbor
contributions next to the Fe?*-probe nuclei as observed previously in literature [40-45]. At
0.91 mm/s a characteristic isomer shift for the Fe?*-tetrahedral coordination is visible [46].
The isomer shift at 0.35 mm/s is assigned to Fe>* in octahedral coordination. Residual
components low in intensity have a typical isomer shift and quadrupole splitting values
for Fe3* in tetrahedral coordination.

Table 2 shows the extracted %’ Fe-Mossbauer parameters of Figure 6 and the normalized,
integrated area of the respective doublet sites.

Table 2. > Fe Mossbauer parameters of chromite sample.

. Isomer Shift Quadrupole Splittin, Gaussian Line Width <o
Site in mm/s iIII) mm/sI;) 8 in mm/S Areain %
0411 0.15
Fe?* tetr. 0.913 0.879 0.24 76
1.419 0.45
Fe3* oct. 0.347 0.492 0.07 20
Fe3* tetr. 0.211 1.044 0.12 4

In total, 76% of the iron is in the ferrous state and 24% in the ferric state.

3.3.2. Wet Chemical Methods

Sweeten et al. [1] proposed a wet chemical method where hydrochloric acid is used
to selectively dissolve ferric iron from chromite, while assuming that ferrous iron in the
chromite will not dissolve. The leach solution is afterwards analyzed by ICP-OES to
determine the concentration of ferric iron [1]. However, for Zimbabwean ore samples
investigated, the wet chemical method determined lower Fe3*-contents compared to the
amount of hematite and goethite predicted by XRD. The proposed method might yield
lower Fe3*-contents compared to the actual amount of Fe>* present in the sample. Table 3
shows the parameters investigated for the nonstandardized Fe3* determination. In addition,
during trial one, samples of the solution were taken after 30 min and 60 min.

Table 3. Parameters of nonstandardized Fe?*-leaching trials.

Trial Mass of Orein g Ore Size in um Volume HCl in mL Molar Concentration in Mol/L  Leaching Time in Minutes
1 100 <63 500 2 120
2 100 <63 1000 2 60
3 100 x50 = 192.20 500 2 60
4 100 <63 500 4 60

Based on the analyzed leach solution and the total amount of iron given in Figure 1,
the ferric ratio is calculated and shown in Figure 7.

4.0
3.48
3.15 3.21 3.23
a0 | 278 291
2.0
1.0
0.0 -
#1 #1 #1 #2 #3 #4
30min 60min 120 min
Trial Number

Ferric Ratio in %

Figure 7. Ferric ratio according to nonstandardized Fe>*-leaching trials.
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Trial one after 60 min and trial 2 and 4 resulted in similar values, therefore, the
influence of the solid-liquid ratio and the molar concentration seems to be rather small.
The raw sample resulted only in a ferric ratio of 2.91%. Comparing the samples taken
during trial 1, increasing the leaching time by 30 min still results in a steady uptake of iron,
increasing the ferric ratio by 0.37% and 0.33%, and therefore the relative increase is larger
than 10%, which is an unacceptably high value. As the determined values for the ferric
ratio were significantly apart of the value determined by Mossbauer spectroscopy, the trials
were not continued with other parameters. A higher leaching time or higher temperature
might be necessary, to dissolve the ferric iron completely. However, to avoid the oxidation
of Fe?*, high temperatures were not used in this study, as this might lead to the oxidation
of ferrous iron [47].

Especially since the leaching of minerals containing ferrous iron by hydrochloric is
reported in the literature [48-50], the selective leaching of the ferric iron by hydrochloric
acid might not be possible, depending on the valence state iron has in the gangue minerals.

Another wet chemical method used was the procedure described in ISO 9035 [51]
applicable to iron ores. The acid-soluble Fe>* content was analyzed by a certified laboratory
after this procedure. For this test, a pulverized ore sample is transferred into a flask
and acid-soluble Fe?* is leached in hydrochloric acid with sodium carbonate or sodium
hydrogen carbonate. A Gockel safety trap is used to prevent oxidation of the sample by air.
For decomposition, the sample is heated to 90 °C for a leaching time between 30-60 min.
The Fe?*-content is then determined by titration [51]. The analysis determined an acid-
soluble iron content of 1.03 wt%, which is equivalent to a ferrous ratio of 9.41%. This is also
significantly below the ferrous ratio determined by Mossbauer spectroscopy.

Both wet chemical methods determined significantly different values compared to
the Mossbauer spectroscopy results. Especially since hydrochloric acid is used for both
methods, but different valence states should be selectively leached, it is doubtful whether
those methods are applicable to chromite ores.

3.4. Thermogravimetry of Chromite Concentrate to Measure the Content of Ferrous Iron

To investigate the mass change of the ore sample under inert and oxidizing conditions,
thermogravimetric trials were conducted. Those trials aim to determine the amount of
ferrous iron in the sample, based on the mass increase occurring under oxidizing conditions.

3.4.1. Determination of a Suitable Thermogravimetrical Program

To remove volatile compounds from the ore that would interfere with the measurement
of ferrous iron, the ore is heated up to 900 °C. Argon atmosphere was used to avoid
oxidation of iron in this step. After the mass is only decreasing slightly, the atmosphere is
changed to an oxygen atmosphere to oxidize iron. The sample is heated up to 1100 °C, to
rapidly oxidize a major share of the iron. Afterwards, the sample is slowly cooled in an
oxygen atmosphere to 600 °C. This is performed because a thermochemical simulation of the
ore sample in equilibrium with an oxygen atmosphere predicts that, at lower temperatures,
more iron is oxidized to ferric iron. Figure 8 shows the ferric and ferrous ratio of the sample
according to the thermochemical simulation.

——Fe¥* —— Fe?*

100 25
B 2
'° = 95 2 g

o
g 90 - 15
& ~
© 85 4 - 10 2
g e
o 80 F5 &
. &
75 T T T T 0
25 280 535 790 1045 1300

Temperature in °C

Figure 8. Ferric and ferrous ratio according to thermochemical simulation.



Minerals 2022, 12, 109

10 of 16

Mass in %

100
99.5

Especially at higher temperatures, even in an oxygen atmosphere the iron is only
partially oxidized, and a major share remains in the divalent state; therefore, oxidizing the
sample at lower temperatures may be necessary to increase the accuracy of the measurement.

The proposed and used temperature profile and atmosphere are shown in Table 4.

Table 4. Temperature program and atmosphere of STA investigation.

Segment Temperature in °C Heating Rate in K/min Atmosphere
1 Room Temperature-900 15 Argon
2 900-1100 10 Oxygen
3 1100-600 -5 Oxygen

3.4.2. Results of Thermogravimetry Measurements

In addition to the raw ore samples, mixtures of ore with 10 wt% MgO and 20 wt%
MgO were investigated by thermogravimetric trials. This was done, based on the assump-
tion, that ferrous iron in the chromite solid solution ((Fe?*,Mg)(Fe3*,Cr,Al);04) might be
bound with chromium and aluminum. MgO was therefore added to liberate ferrous iron
from the solid solution, which might be easier to oxidize afterwards. Figure 9 shows the
thermogravimetric plot of the raw ore and the mixtures with MgO. Two samples were
measured per mixture.

1200
Ore #1
- 1000 Y ——Ore#2
- 800 & 10% MgO #1
f]
] 10% MgO #2
Fﬁ - 600 2 8
5 20% MgO #1
- 400 &
g 20% MgO #2
L =
200 —— Temperature
Argon Oxygen 0
30 60 90 120 150 180

Time in Minutes
Figure 9. Thermogravimetric analysis of chromite and chromite-MgO mixtures.

The mass of the ore in the first segment is decreasing rather fast in the beginning, while
at temperatures above 750 °C a plateau is reached, where the mass is relatively constant.
When the atmosphere is switched to oxygen, the measurement and baseline measurement
are fluctuating for 30 seconds. Afterwards, the sample mass increases rapidly, followed by a
more slowly mass increase afterwards. Table 5 shows the mass of the samples and the mass
gain relevant for the determination of the ferrous iron content. The mass after calcination
is determined by the mean value measured under argon atmosphere between 778 °C and
856 °C. The mass after oxidation is determined by the mean values measured under an
oxygen atmosphere between 702 °C and 604 °C in the cooling segment. Furthermore, the
standard deviation in those segments is given as well. The mass gain due to oxidation is
defined as the mass after the oxidation reduced by the mass after calcination.

Based on the assumptions, that the mass gain is only due to the oxidation of ferrous
iron to ferric iron and that iron was oxidized completely, the initial FeO-content in the
sample can be calculated with Equation (1):

wt%pe.0 = Am-

M
2" Mo
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while Am is the mass gain after oxidation and Mgo and Mg are the molar mass of FeO
and O. Table 6 shows the measured FeO-content based on the thermogravimetric analyses
and the according Fe?*-content. Using the total iron content presented in Figure 1 and
the diluted iron content in the mixtures with MgO, the ferrous ratio can be calculated in
the samples.

Table 5. Mass of chromite and chromite-MgO-mixtures after calcination and after oxidation.

Sample Ore #1 Ore #2 10% MgO #1 10% MgO #2 20% MgO #1 20% MgO #2
Ore/wt% 100 100 90 90 80 80
MgO/wt% 0 0 10 10 20 20
Mass after 97.5924 97.5228 97.8145 97.7840 97.8965 97.9304
calcination/% +0.0058 40.0052 +0.0049 +0.0050 +0.0057 +0.0047
Mass after 98.7762 98.7019 98.8689 98.8438 98.8485 98.8690
oxidation/% +0.0034 +0.0026 +0.0024 +0.0018 +0.0037 +0.0016
Mass gain due to 11839 11791 10544 10598 09520 09385
oxidation/%
Table 6. Fe>*-content determined by thermogravimetric analysis.

Sample Ore #1 Ore #2 10% MgO #1 10% MgO #2 20% MgO #1 20% MgO #2
FeO-content in wt% 10.632 10.589 9.470 9.518 8.550 8.429
FeZ*-content in wt% 8.265 8.231 7.361 7.398 6.646 6.552
Fetot-content in wt% 10.946 10.946 9.851 9.851 8.757 8.757

Fe?*-ratio in % 75.503 75.196 74.717 75.099 75.896 74.820

The determined ferrous ratios in the samples are between 74.717% and 75.896% and
therefore slightly below the determined ferrous ratio of 76% by Mdssbauer spectroscopy.
Lower values than expected were also confirmed by Zorzi et al. [24] investigating synthetic
ilmenite and magnetite. The trials by Zorzi et al. [24] were carried out at 1000 °C, which
could be too high considering, that the thermochemical simulation presented in Figure 8
predicts residual ferrous iron at high temperatures.

The mean ferrous iron ratio in the six samples was 75.205% with a standard deviation
of 0.401%. As can be seen, the addition of MgO did not yield a higher amount of ferrous
iron, therefore it seems to be unnecessary to add MgO to the ore. However, in ores rich in
aluminum with a lower magnesium content, it might be necessary to add MgO to liberate
iron from the spinel structure.

3.5. X-ray Diffraction of Oxidized Chromite Concentrate

Figure 10 shows the XRD pattern of the raw chromite sample as already shown in
Figure 3 and in addition the ore sample after the thermogravimetric trial and the ore-MgO
mixture containing 20% MgO after the thermogravimetric trial. Before XRD, the sample of
the first and second thermogravimetric trial were mixed.

According to XRD, the most dominant peak still belongs to a spinel phase, “magnesium
aluminum chromium oxide” with the PDF-card number 0-024-3065 was used in this case,
however, the peak positions of this reference card are similar to the magnesiochromite
used in Figure 3; therefore, by XRD it is not possible to show that the iron in the spinel
is oxidized.

As a new mineral, “iron aluminum oxide” with the PDF-card number 04-002-4945
and the chemical formula Fe; 53Al 4703 is identified. As this phase contains iron in the
trivalent state, it can be stated that divalent iron was oxidized in the thermogravimetric
experiment to form this new mineral. As a second potential candidate with similar peaks,
“chromium iron oxide” with the chemical formula Cry 3Fey 703 and the PDF-card number
00-035-1112 was considered, however, the measured peaks were corelated more closely
with the “iron aluminum oxide” phase. According to the thermochemical simulation,
the ore oxidized at 600 °C should contain a corundum phase with the chemical formula
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Fe1 500Crg.401 Alg.099Mng 991 O3, which has a similar iron content as the “iron aluminum
oxide” used as a reference.

A Periclase # Iron Aluminum Oxide B Magnesium Aluminum Chromium Oxide

® Oxidized
Ore-MgO Mixture

'S ]

5
«
g
B
o . g
a Oxidized Ore
[
2
o
o
Raw Ore

1.30 1.47 1.64 1.81 1.98 2.15 2.32 2.49 2.66 2.83 3.00
Din A
Figure 10. XRD pattern of raw chromite, oxidized chromite, and oxidized ore-MgO mixture.

As a third phase, periclase with the PDF-card number 04-010-4039 and chemical
formula MgO was identified in the oxidized ore-MgO mixture. This shows that the added
MgO at least did not react completely with the chromite concentrate.

Not shown in Figure 10 are the reference peaks of forsterite shown in Figure 3, which
is still present in the samples after the thermogravimetric trial. Lizardite was not present in
the samples and was probably calcinated during the thermogravimetric trial.

4. Discussion

To compare the results of the thermogravimetric analysis with the thermochemical
simulation, the mean thermogravimetric analysis of the raw ore sample and the simulated
mass of ore in equilibrium with an oxygen atmosphere is plotted. As a boundary condition,
the input mass of ore is based on the chemical composition presented in Figure 1, assuming
that 76% of iron is FeO and 24% is Fe;O3 as determined by the Mossbauer spectroscopy
presented in Figure 6. The chemical composition is then normalized to the mean mass of ore
after the calcination operation presented in Table 5. Figure 11 shows the measured weight
of the ore sample during the thermogravimetric trial and the mass of sample according to
the simulation at the corresponding temperature of the thermogravimetric trial.

The thermochemical simulation predicts slightly higher values compared to the mea-
sured values. Basic reasons could be inaccuracies in the chemical composition, Méssbauer
spectroscopy measurement, or the databases used for the simulation. Methodical errors can
be due to kinetic reasons. As the thermochemical simulation is always assuming that an
equilibrium is reached, this does not have to be the case for the measurements. Especially
at low temperatures occurring between 60 min and 78 min, and after 150 min, the mass
should be significantly higher. At the beginning of the segment in equilibrium with oxygen,
the measured mass is probably lower due to an incomplete ferrous oxidation, while at
the end of the trial chromates form according to the thermochemical simulation, which
increases the amount of the simulated mass significantly.

To investigate the mass gain according to the simulation further, Figure 12 shows the
mass gain of the chromite sample according to the thermochemical simulation carried out
with FactSage™ in equilibrium with an oxygen atmosphere.
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Figure 12. Mass gain in dependence of temperature according to thermochemical simulation.

The simulated mass gain for decreasing temperatures is attributed by the oxidation of
different minerals and changes in the mineralogical composition. The mass gain between
1300 °C and 1185 °C is due to the uptake of oxygen by a spinel phase. Between 1180 °C
and 695 °C, the main spinel phase is depleted in divalent iron and a Fe,O3-phase occurs
instead. Equation (2) shows the oxidation of a spinel phase at 695 °C not in equilibrium
with a gas phase to a spinel and trivalent oxide phase in equilibrium with oxygen at 695 °C.
The stoichiometric factors and indices are based on the simulation using 100 g of ore. Due
to simplicity reasons, the Equation is not balanced for Fe, Mg, Mn, Cr and Al. Below 690 °C,
CaCrOy4 (Equation (3)) is formed, which is undesirable as this mass gain would interfere
with the calculation of the Fe?*-content by the determined mass gain by thermogravimetry.
Below 260 °C, in addition to CaCrOy4, MgCrOy4 (Equation (4)) is formed.

0.422(Fe 316,Mgo0.684) (Feo.123,Mnp 003,Cr1.502Al0 372)O4 +0.05150, —

0.402(Feq,001,M80.999) (Feo.288,Mn,004,Cr1.497Al0.211)O4 + 2)
0.061(Fe1.310Mng 01,Cro.540,Al0.149)O3

2CryO3 + 4Ca0 + 30, — 4CaCrOy4 3)

2Cry03 + 4MgO + 30, — 4MgCrOy 4)

Decreasing the temperature to 695 °C, the lowest temperature where no chromate
formation occurred, results in a ferric ratio of 96.231%. As a complete oxidation of iron
is a prerequisite for the determination of the ferrous iron ratio, the proposed method
cannot deliver an exact value, since it is thermochemically impossible to oxidize the
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iron completely, without reaching temperatures where the formation of chromates is
thermochemically possible. Therefore, the proposed method will underestimate the ferrous
iron content slightly, which was also observable in this investigation compared to the
Mossbauer measurement. However, the time expenditure for the thermogravimetrical is
lower compared spectroscopy measurements or microprobe analysis. Also, it is possible to
determine the ferrous iron content directly by thermogravimetry, while using Mossbauer
spectroscopy is only able to determine the ferric to ferrous iron ratio.

5. Conclusions

In this paper, a thermogravimetric method to measure the ferrous content in a
metallurgical-grade chromite concentrate is proposed. Mossbauer spectroscopy is em-
ployed as a reference method to determine the ferric and ferrous ratio in the sample. The
ferrous and ferric ratio was also calculated using the ferrous content measured with the
thermogravimetric method and the total iron content determined by XRF. The mean ferrous
ratio in the chromite sample as determined by the proposed method is 75.205%, which is
only slightly below the value of 76% determined using Mossbauer spectroscopy. This is
explainable with the thermochemical simulation carried out to investigate the oxidation
behavior of the sample, because at temperatures used for thermogravimetry iron will not
be oxidized completely. In equilibrium with oxygen at 1100 °C only 86.81% of iron is in the
trivalent state, at 600 °C already 98.82% is in the trivalent state.

Wet chemical methods were also investigated to determine the ferric or ferrous content
but did not yield reliable results due to the refractory nature of chromite.

The investigated thermogravimetric method could be an easily applicable method to
investigate the oxidation state of iron in ores, which is still a difficult to measure property,
even though it is necessary for a sufficient control of metallurgical processes.

As only one chromite sample was investigated in this article, this method should be
further applied and proven by reference methods investigating other chromite deposits,
furthermore this method might be transferable to other iron-containing minerals or slags
relevant for the metallurgical industry.
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