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Abstract

:

The present study focuses on the refractory upgrade and reuse of the mining wastes/by-products of the magnesite mine “Grecian Magnesite SA” (Chalkidiki, N. Greece), by the addition of hematite (α-Fe2O3) nanomaterial. These by-products were also examined after the application of thermal pre-treatment, i.e., treated at 850 °C for 30 min, prior to sintering. Different thermal treatments and times were applied, aiming to induce the formation of forsterite and attempting to examine the respective effects on the refractory properties of up-cycled products. The results indicate that hematite addition of 5 wt.% can improve the major refractory parameters of products, whereas the applied thermal pre-treatment was not found to be particularly beneficial. Nevertheless, the optimum results were realized after thermal treatment at 1300 °C for 120 min heating time, also revealing that the initial mineralogical content of the examined mineral wastes is a key factor for the subsequent upgrade ranking of the final product.
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1. Introduction


Currently, all industrial processes should be oriented towards the improvement of sustainability. Therefore, the reuse and/or recycling of by-products and wastes alongside economic interests are commonly required by applying circular economy principles. The mining waste is considered to be of particular interest due to the produced high mineral volumes. In this research, the upgrading of mineral wastes, produced in a magnesite mine (“Grecian Magnesite SA”, Chalkidiki, N. Greece), due to the enrichment process of magnesite ore, are examined in order to improve the respective refractory properties and to recycle/reuse them for the production of useful products with economic value (e.g., bricks, metallurgical masses, etc. [1,2]). The main point is to properly apply the so-called “reverse mineralogy”, i.e., to produce from the serpentized wastes the useful forsterite mineral phase (Mg2SiO4), which is considered as a competitive refractory material [3]. The presence of other impurities, such as aluminum, calcium, and alkaline oxides in the initial serpentine/pyroxenes by-products, is generally unwanted because these constituents cannot efficiently be removed during the subsequently applied calcination process, and negatively affect the desirable refractory properties [4].



The detailed characterization of these wastes/by-products currently stocked in the magnesite mine area contain several impurities [1] and present rather low refractoriness; hence, the addition of another environmentally friendly and low-cost mineral/material that can enhance the refractory properties is required. It is also worth noting that several researchers utilized these serpentinized wastes for the re-formation of a (useful) forsterite mineral phase and the subsequent production of forsterite-based refractories (e.g., [4,5]). Thus, different additives, such as chromite [4], zirconia [6], aluminum titanate [3], magnesia [7], magnesium chloride hexahydrate [8], and iron oxides [9], etc., have been examined for this purpose. In present times, nanomaterials are considered as a specific material category, intensively investigated for the production of certain refractory materials due to their high surface to volume ratio which also increases the chemical reactivity and finally results in improved refractory products [10].



According to current trends, considering that the lifecycle of any product should potentially result in zero-waste production, in the present study the exploitation of mining wastes/by-products from a magnesite mine with the addition of the examined hematite nanoparticles, aimed to create improved refractory characteristics of the products. The role of hematite (Fe2O3) is examined as a potential additive for the preparation of upgraded refractory materials after the application of appropriate thermal treatment processes. Iron oxide can promote the sintering of mineral grains with cation vacancies and, in the temperature range of 900 °C to 1200 °C, reacts with the MgO content to form MgFe2O4, which is a high melting spinel phase [11]. During our previous studies [1,2], the detailed qualitative and quantitative characterization of magnesite mine solid wastes was performed, whereas in this study the effects of hematite addition on the main refractory properties of products are examined. Different thermal treatments were applied, i.e., 1300 °C for 30 and 120 min and 1600 °C for 60 min, attempting to examine the heating temperature and time in the main physicochemical properties improvement of products. Moreover, the by-products/samples were also examined after the application of a simple pre-treatment thermal procedure, i.e., the samples were thermally treated at 850 °C for 30 min to achieve the optimum forsterite formation prior to pelletization.




2. Materials and Methods


Different mineral waste samples were collected from various levels and positions from the magnesite mine area, and the most representatives were selected in terms of their mineral composition, showing different compositions of major constituents for comparison evaluations. The exact location of sampling sites is shown in Figure S1 (Supplementary Material). The mineralogical content (wt.%) and the chemical composition of these samples are presented in Supplementary Material (Tables S1 and S2, respectively) [1]. Table S1 also contains extended information regarding the mineralogical content of the same samples but after the application of thermal treatment at 850 °C for 30 min, since these particular samples are also used as raw materials (i.e., prior to pelletization) for the hematite addition and the potential production of refractory materials, denoted hereafter as pre-treated samples (PT). The XRD measurement results in the semi-quantification of the crystalline phases (mineralogical content (wt.%)), so the quantified values do not encounter the presence of amorphous SiO2 (also not initially considered, see the reaction 1) and as mentioned in the relevant published paper of Pagona et al., 2020 [1], there is a deviation in the obtained quantification results e.g., for the sample W5PT of 8.4% (Table S2, Supplementary Material). The modification of raw serpentine mineral by the application of thermal treatment is shown in the following exothermic reaction and the formation of forsterite shown in Figure S2 (Supplementary Material) [1].


2 [2 Mg(OH)2·MgO·xSiO2] → 3Mg2SiO4 + 2(x − 3)SiO2 + 2H2O (reaction 1 at 810−850 °C)











Hematite applied as an additive for the examined mineral wastes, aiming to improve the physical properties of products before or after their initial thermal pre-treatment. Hematite (α-Fe2O3) nanoparticles were produced by the thermal treatment at 850 °C for 30 min of the commercially available nanomaterial Bayoxide, consisting mainly of goethite, and produced by LANXESS Deutschland GmbH, as according to Gialanella et al., 2010, the transformation of goethite (a-FeOOH) into hematite (a-Fe2O3), occurs at about 300 °C, and the respected XRD pattern to verify Fe2O3 formation is shown in Figure S3, Supplementary Material [12]. The initial material was further pulverized to obtain particle sizes < 73 μm) and a small quantity (0.2 g) was dissolved with 20 mL 6 N HCl in Teflon vial on a sand bath and diluted to 200 mL with ultra-pure water. The chemical composition of obtained solution was determined by Flame Atomic Absorption Spectroscopy (FAAS), using the Perkin Elmer Atomic Absorption Spectrometer PinAAcle 500. The Loss-On-Ignition (LOI) test was determined at 950 °C in the electric furnace SNOL 6.7/1300LSC01. The respective results are presented in Table 1. The LOI 1.1% reported for the additive is attributed to the moisture absorbed during the cooling of the material after heating at 850 °C.



The mining waste samples (W5, W6, W7 and W8) were subjected to co-grounding/re-homogenized with the hematite additive in different ratios of 5 and 10 wt.% after proper homogenization, and these percentages were properly selected because the FeO content in the initial mineral samples is already between 6.5–7.5 wt.% (Table S2 Supplementary Material). All these mixtures (solid mineral powders) were homogenized subsequently with the help of a ball mill. The total weight of each blend was 5 g. Therefore, the quantity of hematite (considering the ratios 5, and 10 wt.%) was 0.25 and 0.5 g respectively, while the rest of the mixture was the examined mining sample. Afterwards, the ground/homogenized samples were pressed to form cylindrical pellets of 2 cm diameter. After the proper pelletization, these samples were thermally treated by using the programmable control electric furnace (type SNOL 6.7/1300 LSC01) for the maximum temperature 1300 °C and by the Thermowatt TGH30L 380V 10KW furnace, when applying heating temperatures up to 1600 °C, to induce the formation of forsterite, consisting mainly of the useful olivine mineral phase. Different temperatures and times applied, i.e., 1300 °C for the duration of 30 min, and 1600 °C for 120 min. The temperature was raised with the heating rate 10 °C/min up to 1300 °C and with the heating rate 6.5 °C/min up to 1600 °C; afterwards, the samples were cooled to room temperature. The most important goal was to investigate the appropriately applied firing temperature that can upgrade these by-products so they can be further used as refractory materials after the respective thermal treatment. The new products can be used as refractory materials, when applicable for temperatures ≤ 1300 °C, as shown also in the relevant preliminary previous study of Pagona et al. [1], where the addition of hematite was examined for its effect on the refractory properties of the products at 1300 °C as well as at higher firing temperature (i.e., up to 1600 °C). The appropriate thermal treatment also includes the examination of heating duration for the potential process improvement and for this reason two firing treatment times (i.e., 30 and 120 min) were selected. The chemical compositions of examined blending as utilized for these experiments are shown in Table 2. The final content of iron oxides for the obtained products is increased up to 10.54–15.29 wt.%. It is noticeable that the ratio of MgO/SiO2 in the final samples is almost equal to the samples before the hematite addition, while at the same time the LOI is decreased respectively as expected due to the loss of water and crystal water of the samples.



Following the thermal treatment processes aiming to evaluate the refractory behavior of produced specimens, the main properties of interest determined, i.e., the apparent porosity (AP%), the bulk density (BD) and the water absorption (WA%), by using the boiling water method (ASTM C20) [13]. Moreover, the firing shrinkage (FS%) was measured by a calibrated caliper along the diameter and using the (D0-D1)/D0) ratio. The subscripts 0 and 1 refer to the sample dimensions before and after the thermal process. The images of samples’ surfaces obtained by the Polarizing Optical Microscope (POM), and received with a ZEISS-POM camera, including a polarizer slit with a resolution of 20x. The mechanical strength tests were conducted with the use of a Carver laboratory press. Finally, the thermally treated pellets (i.e., the products) were also re-pulverized for their subsequent mineralogical characterization. The structural and mineralogical characterization of the fired samples and products were performed with the application of X-ray diffraction (XRD), using a Brücker D8 Advance diffractometer (powder XRD). The respective data collected at 2θ from 5° to 70°, scan time 0.2 s and increment of 0.02; the filament X-ray tube of Cu with a wavelength 1.5418 Å and the detector LYNXEYE (1D mode) used. The qualitative and quantitative analysis of XRD patterns were performed with the JADE XRD data analysis software.




3. Results and Discussion


3.1. Microscopic Study


After the applied thermal treatments and the subsequent cooling of products, their microstructure was examined respectively and is presented in Figures S4–S11, Supplementary material; selected representative micrographs are shown in Figure 1 regarding the application of different thermal treatments (temperatures and heating times).



As it can be observed from Figure 1, the addition of hematite alters the surface of the obtained products/specimens. As a result of applied firing procedures, the granular content of samples presents differences regarding their surface compositions [14]. The white and black particles marked with red and blue circles in Figure 1 can be attributed to the presence of different crystalline phases. The major findings from the microscopic study of the products of the different thermal treatments of sample W5 (compared with the pre-treated product as well), are summarized below:




	
Similarities are observed on the surface of products corresponding to the W5 sample with 5 wt.% of hematite addition and a thermal treatment of 30 min (Figure 1b), or of 120 min (Figure 1c)to the W5PT sample (again) with 5 wt.% hematite addition and thermal treatment of 120 min (Figure 1d).



	
Moreover, the increase of hematite addition from 5 (Figure 1c) to 10 wt.% (Figure 1e) shows an increase of diverse mineral phases on the surface.



	
Finally, comparing the different thermal treatments at the temperatures of 1300° and 1600 °C (Figure 1d,f, respectively) it becomes obvious that at 1600 °C the granules obtained are larger, as compared with the thermal treatments at 1300 °C, while sintering is not sufficiently achieved even at the firing temperature of 1600 °C (green circle), due to the increase of glassy phases.








The results are similar for all the samples examined, however with slightly different surface compositions showing an increase of the glassy phase when the thermal treatment is applied at 1600 °C (Figures S4–S11, Supplementary material).




3.2. Measurements of Main Physical Properties of Products


3.2.1. Firing Shrinkage Parameter


During the firing process the produced pellets are naturally shrinking, which is considered as an undesirable property for refractory applications, whereas the addition of hematite aims to minimize this shrinkage. Figure 2 shows the obtained results for each product from the raw examined samples W5, W6, W7, and W8 and the respective pre-treated ones when fired as with the addition of 0, 5 and 10 wt.% hematite for the different thermal treatments applied at 1300 °C for 30 min and 120 min, and at 1600 °C for 60 min. The examined (four) samples present differences concerning the results of the firing shrinkage of products due to their initially different mineralogical content (see Table S1, Supplementary Material). As shown in Figure 2, the optimum results for each sample examined are:




	
Regardless of the thermal pre-treatment (e.g., for sample W5), the firing with hematite addition was found to have a low shrinkage effect in the case of the firing of sample W5. Both the pre-treatment and hematite addition slightly increased the firing shrinkage of the products compared to the firing of the raw material, which is an undesirable outcome for the product.



	
With regard to the samples W6 and W7 which both contained magnesite, which decomposes and reacts with hematite to form magnesioferrite, it therefore directly also affected the firing shrinkage [15]. The results showed that the firing shrinkage of products at 1300 °C, containing 5 or 10 wt.% hematite and pre-treated thermally at 850 °C for 30 min were almost equal to the firing shrinkages of the products without the addition of hematite.



	
However, different results were found for the sample W8, which contains a higher percentage of pyroxenes, leading to lower shrinkage of products with the addition of hematite which were thermally treated at 1300 °C for 30 min. Nevertheless, the results show the better sintering of the product obtained from the W8 sample after the application of thermal treatment at 1300 °C for 120 min, hence presenting the lowest firing shrinkage.



	
When the thermal treatment is applied at 1600 °C for 60 min, the optimum results for the firing shrinkage parameter were detected for the product of the W8 sample containing 5 wt.% Fe2O3 and for the thermally pre-treated W5, W6 and W7 samples.








Figure 3 shows the comparison between the firing shrinkage results among the products of the fired samples regarding the addition of 5 or 10 wt.% hematite, in order to evaluate the optimum raw material. It is obvious that for the thermal treatment at 1300 °C the sample W8 presents the lowest firing shrinkage. However, when the thermal treatment at 1600 °C is applied, then the firing shrinkage is doubled for this sample, whereas the minimum firing shrinkage (9.5%) is shown for the sample W6PT with 5 wt.% hematite addition. At this point is should be underlined that firing shrinkage values greater than 10% result in the failure of material, when applied as refractory, and this important parameter should be kept as small as possible for most refractory applications.




3.2.2. Water Absorption (%) and Apparent Porosity (%) Parameters


The water absorption (WA%) and the apparent porosity (AP%) results of fired products with the addition of hematite, and considering the thermal treatment at 1300 °C for 30 min are shown in Figure 4 for all the examined samples with or without the applied thermal pre-treatment. Forsterite bricks require apparent porosity values < 20% while increased apparent porosity levels constitute a negative factor, as the target of their production is to achieve the maximum bulk density which maximizes when apparent porosity is minimized [16]. The respective values of WA% and AP% with the addition of hematite show a slight decrease, with the highest decrease found for the sample W6, i.e., from 6.2% to 4.7% and from 16.2% to 13.3%, respectively, which is attributed to the higher presence of magnesite in the W6 sample (see Table S1, Supplementary Material) which can react with hematite to form magnesioferrite spinel. It is noticeable that the lower porosity levels are reported for the pre-treated samples with the highest decrease shown for the sample W8, i.e., from 4.7% to 3.6% for the WA% parameter and from 13.2% to 10.4% for the AP% parameter, which can be attributed to the highest presence of pyroxenes in the thermally pre-treated sample (W8PT, see also see Table S1, Supplementary Material). The lower porosity levels correspond to higher bulk density values, whereas the higher porosity levels result in the opposite effect, indicating that the increase of hematite nanoparticles’ addition (from 5 to 10 wt.%) and the pre-treatment at 850 °C can decrease both the WA(%) and AP(%) parameters.




3.2.3. Bulk Density Parameter


Since the target of refractory products is to achieve the maximum bulk density, the lower porosity is desirable [16]. Therefore, following the slight decreasing trend as shown in the aforementioned results of WA(%) and AP(%) parameters, the respective bulk density (BD) values are presented in Figure 5 regarding the thermal treatment at 1300 °C for 30 min and for all the examined products, obtained either from the raw mineral samples (i.e., as collected directly from the mine area), as well as from the thermally pre-treated ones, showing an increasing trend in the final product, when increasing the hematite percentage for most of the examined samples, except for the sample W7. The BD values considering the hematite addition are similar to the BD levels of common magnesium refractories (i.e., 2.8–2.95 g/cm3), whereas slightly higher values found for the thermally pre-treated samples (at 850 °C for 30 min), prior to pelletization, due to the decrease of LOI values during the pre-heating procedure [17,18]. Finally, the optimum results, regarding the BD data, are observed for the sample W6PT, due to its higher content of (useful) olivine mineral formation, during the pre-treatment process due to the higher presence of MgO in the raw material.



As already mentioned by Gómez Rodríguez et al. (2015), the increase of bulk density can be either attributed to the higher true density of Fe2O3 (5.24 g/cm3) in comparison to MgO (3.58 g/cm3), or to the formation of respective MgFe2O4 spinel (4.51 g/cm3) [15], along with the increase of relevant shrinkage values. Furthermore, the study of Azhari et al. (2009) showed that the formation of magnesioferrite spinel is encouraged at lower temperatures and in the presence of nano-iron oxide particles, since it decreases the eutectic temperature, hence improving the sintering process. Furthermore, it was also reported that the oxidation-reduction reactions, e.g., Fe2+ oxidizes to Fe3+ at 300 °C, whereas Fe3+ reduces to Fe2+ at temperatures lower than 1400 °C, are the main reasons for the differences in the volume of products [19]. Although existing in rather small percentages (around 5 wt.%) in the product, the presence of hematite seems to facilitate the interconnection between the formed granules, thus increasing the bulk density as well as the mechanical strength of the produced fired materials.





3.3. Mechanical Strength


The results of compressive strength measurements are presented in Figure 6, showing that the mechanical strength of the obtained products is reaching maximum values after the application of thermal treatment at 1300 °C, with the optimum results shown for the W8 sample; the respective values under these conditions are greater than 120 MPa. The results also reveal that the hematite addition improves the mechanical strength with the optimum results found after the addition of 5 wt.% Fe2O3 for all raw samples (i.e., those directly collected from the mine area), as well as after thermal treatment at 1300 °C for 120 min. However, the sample W5PT, due to its different mineralogical content (containing almost 100% olivine) shows a slightly better mechanical strength even without the addition of hematite. Furthermore, it is noteworthy that the thermal pre-treatment (at 850 °C for 30 min) of the examined samples does not favor significantly the mechanical strength values due to the higher presence of free silicon in these samples. Firing at temperatures higher than 1300 °C leads to the higher presence/formation of glassy phases, which reduce the bonding strength between the grain boundaries, resulting in lower mechanical strength and, hence, the respective product is not suitable as a refractory material, noting that the relevant limit is usually around 22 MPa [20].




3.4. XRD Phase Analysis of the Obtained Products after Firing under Different Conditions


The XRD patterns of products obtained from the samples W5 and W5PT and with the addition of 5 or 10 wt.% hematite are shown in Figure 7, whereas the respected quantification of the mineral phases is presented in Table 3.




	
These products (W5 and W5PT with hematite addition) were found to consist mainly of olivine (forsterite, forsterite ferroan), pyroxenes (clinoenstatite, protoenstatite, enstatite ferroan) and magnesioferrite.



	
Comparing the products from sample W5 with that of sample W5PT, the olivine percentage is slightly higher in the product of the raw material, which was thermally pre-treated at 850 °C for 30 min.



	
For the products obtained from the W5 and W5PT samples, the results show that the final mineralogical content is similar for both applied thermal treatments (i.e., at 1300 °C for 30 and for 120 min).



	
The results show that the addition of hematite favors the formation of magnesioferrite spinel (MgFe2O4), since the percentage of this constituent increases with the increase of hematite addition, while the percentage of (desirable) olivine (forsterite) as well as of (undesirable) pyroxenes (consisting mainly of enstatite) decreases due to the binding of magnesium by hematite in the respective crystalline phases.








Since the magnesioferrite spinel has a melting point close to that of olivine (forsterite), and according to the respective phase equilibrium diagram for the system MgFe2O4—Mg2SiO4 (see the supplementary material, Figure S12) the decrease of the enstatite percentage is expected to upgrade the refractory properties. More specifically, the melting temperature of forsterite is 1890 °C, whereas the temperature of incongruent melting and liquidus state for the magnesioferrite are 1713 °C and about 1900 °C, respectively, and in the spinels’ system MgFe2O4—Mg2SiO4 the initial melting point occurs at 1665 ± 10 °C, although, as already mentioned, this temperature is reduced at values lower than 1600 °C when the iron oxide is added [19,21].



The results that show the increase of magnesioferrite in the product by the addition of hematite nanoparticles addition are in accordance with the study of Khisina et al., 1994 which reported that by applying annealing temperatures up to 700 °C for the Mg-Fe Olivine mineral, oxidation results in the formation of magensioferrite (as the major oxide phase among the different ferrous oxide phases formed) [22]. The study by Acar, 2020 showed that the ratios of MgO/SiO2 and MgO/FeO are the main determinant factors for magnesioferrite formation [23]. Moreover, Rietmeijer et al., 2013 also reported magnesioferrite formation when Fe0 reacted with brucite Mg(OH)2 [24]. The formation of magnessioferrite with the addition of nano-Fe2O3 due to its high solubility and atomic mobility in magnesia substrate was also reported by Gómez Rodríguez et al., 2015 [15]. Finally, according to Semberg et al. (2011), the olivine particles after oxidation decompose along the particle boundary and transform to magnesioferrite crystals and pyroxene/vitreous silica, while at the same time a part of hematite can diffuse into their structure, as this presents rather high solubility in the presence of MgO [25].



At this point it must be underlined that the quantification of mineralogical phases as obtained from the XRD patterns, and the thermal treatment at 1600 °C refers only to the detected crystalline phases and is not representative of the overall content of the product, since there is also a high percentage of glassy phase due to the eutectic phases at the heating temperature of 1600 °C, which is not detected by the XRD measurements.



Magnesium silicate polymorphism is observed when the samples are subjected to the thermal treatments applied in this study, and this is a matter of particular interest, as its polymorphism is a field of study that has not yet been thoroughly investigated. When heating at temperatures higher than 1200 °C, free silica and iron oxide reacts with forsterite to form magnessioferrite and polymorphic modifications of magnesium silicate, MgSiO3 as enstatite protoenstatite and clinoenstatite [26]. Polymorphism for enstatite, protoenstatite, clinoenstatite and high temperature clinoenstatite was studied by Mielcarek et al., 2004, who reported that protoenstatite crystallization starts at temperatures above 1250 °C and fully develops at 1420 °C, and that at higher heating temperatures protoenstatite crystallites are unstable and they inverse to clinoenstatite crystallites after cooling [27]. Even very low mechanical stresses may transform protoenstatite into clinoenstatite, a transformation that leads to negative volume changes and mechanical strength [27,28]. Thus, the enstatite of the raw materials similar to several studies [29,30,31,32] is transformed to protoenstatite or to clinoenstatite accompanied by the residual protoenstatite when the applied thermal treatment is at 1300 °C [30], and to clinoenstatite (during the cooling) when the applied thermal treatment is at 1600 °C. Figures S13–S16 in the Supplementary Material show the detailed identification of the magnesium silicate polymorphs.



Similar results to the products obtained from the sample W5 are also found for the products of sample W6 (Figure 8), whereas the respected mineral content is presented in Table 4.




	
These products (W6 with hematite addition) were found to consist mainly of olivine (forsterite, forsterite ferroan), pyroxenes (clinoenstatite, protoenstatite) and magnesioferrite.



	
As aforementioned, the addition of hematite favors the formation of magnesioferrite spinel (MgFe2O4), as the percentage of this constituent increases with the increase of hematite addition, while the percentage of olivine (forsterite) and of pyroxenes (enstatite) decreases.



	
For the products obtained from the W6 sample, it was found that the final mineralogical content is similar for both applied thermal treatments (i.e., at 1300 °C for 30 or 120 min).








Figure 9 shows the XRD patterns for the products obtained from the thermally treated sample W7, whereas the respective mineral content is presented in Table 5.




	
These products with hematite addition were found to consist mainly of olivine (forsterite, forsterite ferroan), pyroxenes (clinoenstatite, protoenstatite) and magnesioferrite.



	
As shown from the quantification results, the heating time of 30 min is not considered as sufficient for the hematite additive to react and form the maximum quantity of magnesioferrite in the final product, probably due to the different initial mineralogical content of this sample (W7)—see also Table S1, Supplementary Material.



	
Moreover, the respective quantification shows that a part of olivine (forsterite) and a part of the pyroxenes (enstatite) also react with hematite to form magnesioferrite, resulting in the decrease of olivine and pyroxenes content alongside a simultaneous increase of magnesioferrite formation in the final product obtained from the W7 sample.








Finally, Figure 10 shows the XRD patterns for the thermally treated sample W8, whereas the respective mineral content is presented in Table 6.




	
These products with hematite addition were found to consist mainly of olivine (forsterite, forsterite ferroan), pyroxenes (clinoenstatite, protoenstatite, enstatite ferroan) and magnesioferrite.



	
The mineralogical content of the obtained products show a significantly higher percentage of pyroxenes’ presence, as compared to samples W5, W5PT, W6 and W7, due to the initial mineralogically different content of this sample (W8, see also Table S1, Supplementary Material), which contains a higher percentage of pyroxenes.








This difference in the pyroxene content is probably the reason why sample W8 is the most favored, considering the addition of hematite, as compared with the other examined samples, and for all the measured major refractory properties, results most likely in better sintering among the co-existing olivine, magnesioferrite, and enstatite mineral phases.





4. Conclusions


The production of refractories from the mining wastes by-products of the magnesite mine “Grecian Magnesites SA” (Gerakini, Chalkidiki, N. Greece) with hematite addition and the application of different thermal treatments was examined. In all products, both the apparent porosity (AP%) and the water absorption (WA%), are favored by the addition of hematite nanoparticles at 1300 °C for 30 min and are suitable for producing refractory bricks. At the same time, the property of bulk density is increased, indicating the improvement of the products’ refractoriness. The mechanical strength of the examined products was found to reach maximum values after the application of thermal treatment at 1300 °C for 120 min. According to the respective XRD patterns from the products, it was revealed that the samples consisted mainly of olivine, pyroxenes and magnesioferrite, therefore resulting in the decrease of olivine and the pyroxenes’ presence in the final product, alongside with a simultaneous increase of magnesioferrite content. Regarding the addition of hematite, it is clear that the addition of 10 wt.% hematite in all samples shows a deterioration of refractory properties when compared with the 5 wt.% addition. In general, the 5 wt.% addition of hematite nanoparticles improves the main refractory parameters of examined samples when the applied thermal treatment is 1300 °C.



The obtained results showed that the application of simple/preliminary thermal pre-treatment at 850 °C is not recommended, as it reduces the refractory properties. Regarding the examined higher firing temperature at 1600 °C, the results showed a significant increase of the firing shrinkage parameters, while the mechanical strength was diminished to almost zero. In terms of heating time, when the thermal treatment was performed at 1300 °C for 120 min, the products showed an increase of firing shrinkage of up to 3.0%, while the mechanical strength parameter even doubled for some samples, when compared to the thermal treatment at 1300 °C for 30 min.



The obtained results reveal that the initial specific mineralogical content is an important factor that affects the refractory properties of obtained products after the hematite addition, with the sample W8 showing the highest improvement of refractory properties as compared with the other examined samples. The collaborating magnesite mine company (Grecian Magnesite SA) is already applying the dunite products in numerous industrial uses such as the application of blast furnaces in slag conditioning, as EBT (eccentric bottom tapping) filler, and also in other refractory products such as in foundry sand, for sandblasting purposes, and mineral wool in fluidized bed combustion and CO2 sequestration. Overall, the scale-up potential with the addition of 5% hematite gives the specific advantage of improved mechanical strength to the products. Most notably, the addition of hematite nanoparticles causes the serpentinized samples to form bricks for application at ≤1300 °C, turning them into value- added product suitable for application in a circular economy framework.
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Figure 1. Optical microscope selected images (magnification: ×20) of W5 sample: (a) raw/initial material, (b) with the addition of 5% wt.% hematite after firing at 1300 °C for 30 min; (c) with the addition of 5% wt.% hematite, but after firing at 1300 °C for 120 min; (d) thermally pre-treated at 850 °C for 30 min with the addition afterwards of 5% wt. hematite and after firing at 1300 °C for 120 min; (e) with 10% wt.% hematite addition after firing at 1300 °C for 120 min; and (f) with 5% wt.% hematite after firing at 1600 °C for 60 min. 
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Figure 2. The firing shrinkage values (FS%) of examined samples (thermally pre-treated or not), with or without the addition of hematite: (a) W5; (b) W6; (c) W7; (d) W8. 
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Figure 3. The firing shrinkage values (FS%) of different samples: (a) with the addition of 5 wt.% hematite; (b) thermally pre-treated samples with the addition also of 5 wt.% hematite; (c) with the addition of 10 wt.% hematite; (d) thermally pre-treated samples with the addition of 10 wt.% hematite. 
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Figure 4. The effect of hematite addition on the values of (a) WA%, and (b) AP% parameters for the obtained products considering after the thermal treatment at 1300 °C for 30 min. 






Figure 4. The effect of hematite addition on the values of (a) WA%, and (b) AP% parameters for the obtained products considering after the thermal treatment at 1300 °C for 30 min.



[image: Applsci 12 02094 g004]







[image: Applsci 12 02094 g005 550] 





Figure 5. The effect of hematite addition (wt.%) on the BD (g/cm3) parameter for the examined samples after the thermal treatment at 1300 °C for 30 min. 
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Figure 6. The mechanical strength values of examined samples (thermally pre-treated or not), with or without the addition of hematite: (a) W5; (b) W6; (c) W7; (d) W8. 
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Figure 7. XRD patterns of the thermally treated products obtained from the respective samples: (a) W5, and (b) W5PT (with or without the presence of hematite). 
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Figure 8. XRD patterns of thermally obtained products from sample W6 under different firing conditions with and without the addition of hematite. 
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Figure 9. XRD patterns of thermally obtained product from sample W7 under different firing conditions with and without the addition of hematite. 
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Figure 10. XRD patterns of the product obtained from the sample W8 under different firing conditions with and without the addition of hematite. 






Figure 10. XRD patterns of the product obtained from the sample W8 under different firing conditions with and without the addition of hematite.



[image: Applsci 12 02094 g010]







[image: Table] 





Table 1. Chemical composition of hematite used as an additive in this research.
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Sample

	
MgO

	
Cr2O3

	
Al2O3

	
CaO

	
Na2O

	
Fe2O3

	
MnO

	
NiO

	
SiO2

	
LOI 1




	

	
wt.%






	
Hematite

	
0.16

	
ND 2

	
ND 2

	
0.17

	
0.18

	
96.7

	
0.28

	
0.04

	
0.9

	
1.1








1 LOI: Loss-On-Ignition; 2 Not detected.













[image: Table] 





Table 2. Chemical composition of the examined blended samples.
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Sample

	
MgO

	
SiO2

	
FeO

	
Al2O3

	
CaO

	
Cr2O3

	
LOI




	

	
wt.%






	
W5-5% Fe2O3

	
39.72

	
37.29

	
11.30

	
0.43

	
0.44

	
0.03

	
8.91




	
W6-5% Fe2O3

	
37.15

	
35.67

	
10.54

	
0.48

	
0.29

	
0.03

	
13.57




	
W7-5% Fe2O3

	
37.72

	
36.81

	
10.63

	
0.67

	
0.39

	
0.06

	
11.86




	
W8-5% Fe2O3

	
37.91

	
41.37

	
11.49

	
0.86

	
0.77

	
0.10

	
5.40




	
W5-10% Fe2O3

	
37.64

	
35.28

	
15.29

	
0.41

	
0.41

	
0.03

	
8.52




	
W6-10% Fe2O3

	
35.21

	
33.75

	
14.57

	
0.45

	
0.27

	
0.03

	
12.93




	
W7-10% Fe2O3

	
35.75

	
34.83

	
14.66

	
0.63

	
0.36

	
0.05

	
11.31




	
W8-10% Fe2O3

	
35.93

	
39.15

	
15.47

	
0.81

	
0.72

	
0.10

	
5.19
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Table 3. The mineralogical content (wt.%) of examined samples W5 and W5PT with the addition of hematite and after the application of different firing conditions.
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Sample W5




	

	
1300 °C, 30 min

	

	
1600 °C, 60 min




	
Forsterite

	
72.6 ± 5.2

	
Forsterite Ferroan

	
93.3 ± 6.7




	
Enstatite Ferroan

	
27.4 ± 3.1

	
Clinoenstatite

	
2.8 ± 0.7




	

	

	
Maghemite

	
3.9 ± 0.8




	
Sample W5-5% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
64.3 ± 4.6

	
63.2 ± 4.5

	
Forsterite Ferroan

	
90.6 ± 6.6




	
Protoenstatite

	
19.9 ± 1.2

	
21.4 ± 1.2

	
Clinoenstatite

	
4.8 ± 0.6




	
Magnesioferrite

	
15.8 ± 1.6

	
15.4 ± 1.6

	
Magnesioferrite

	
4.6 ± 0.6




	
Sample W5-10% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
58.5 ± 3.9

	
58.5 ± 3.9

	
Forsterite Ferroan

	
90.0 ± 6.3




	
Protoenstatite

	
21.1 ± 1.9

	
21.1 ± 1.9

	
Clinoenstatite

	
2.7 ± 0.6




	
Magnesioferrite

	
20.4 ± 1.4

	
20.4 ± 1.4

	
Magnesioferrite

	
7.2 ± 1.1




	
Sample W5PT




	

	
1300 °C, 30 min

	

	
1600 °C, 60 min




	
Forsterite

	
73.7 ± 5.2

	
Forsterite Ferroan

	
93.3 ± 6.6




	
Enstatite Ferroan

	
23.3 ± 2.6

	
Clinoenstatite

	
2.8 ± 0.6




	

	

	
Magnesioferrite

	
3.9 ± 0.6




	
Sample W5PT-5% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
69.4 ± 4.5

	
67.8 ± 4.3

	
Forsterite Ferroan

	
88.6 ± 6.3




	
Protoenstatite

	
14.8 ± 1.0

	
16.8 ± 1.1

	
Clinoenstatite

	
5.9 ± 0.9




	
Magnesioferrite

	
15.8 ± 1.6

	
15.3 ± 1.6

	
Magnesioferrite

	
5.5 ± 0.9




	
Sample W5PT-10% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
64.1 ± 4.6

	
64.2 ± 4.6

	
Forsterite Ferroan

	
89.7 ± 6.5




	
Protoenstatite

	
13.8 ± 1.2

	
17.3 ± 1.3

	
Clinoenstatite

	
4.5 ± 0.8




	
Magnesioferrite

	
22.2 ± 1.5

	
18.4 ± 1.4

	
Magnesioferrite

	
5.8 ± 0.9
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Table 4. The mineralogical content (wt.%) of examined samples W6 and W6PT with the addition of hematite and after the application of different firing conditions.






Table 4. The mineralogical content (wt.%) of examined samples W6 and W6PT with the addition of hematite and after the application of different firing conditions.





	
Sample W6




	

	
1300 °C, 30 min

	

	
1600 °C, 60 min




	
Forsterite

	
73.7% ± 5.2

	
Forsterite

	
93.3 ± 6.6




	
Enstatite

	
26.3% ± 2.6

	
Clinoenstatite

	
2.2 ± 0.6




	
Stishovite

	
1.9% ± 0.6

	
Maghemite

	
4.5 ± 0.6




	
Sample W6-5% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
70.1 ± 5.2

	
69.8 ± 5.2

	
Forsterite Ferroan

	
89.9 ± 6.3




	
Protoenstatite

	
15.9 ± 1.1

	
16.0 ± 1.1

	
Clinoenstatite

	
2.1 ± 0.6




	
Magnesioferrite

	
14.0 ± 1.5

	
14.1 ± 1.5

	
Magnesioferrite

	
8.0 ± 0.9




	
Sample W6-10% Fe2O3




	

	
1300 °C, 30 min

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
63.8 ± 5.0

	
62.5 ± 5.0

	
Forsterite Ferroan

	
91.6 ± 6.5




	
Protoenstatite

	
15.7 ± 1.1

	
17.1 ± 1.2

	
Clinoenstatite

	
2.6 ± 0.5




	
Magnesioferrite

	
20.5 ± 1.5

	
20.5 ± 1.5

	
Magnesioferrite

	
5.8 ± 0.7
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Table 5. The mineralogical content (wt.%) of product obtained from the sample W7 with the addition of hematite after firing.
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Sample W7




	

	
1300 °C, 30 min

	

	
1600 °C, 60 min




	
Forsterite

	
62.2% ± 4.3

	
Forsterite

	
91.6 ± 6.7




	
Enstatite

	
37.8% ± 3.1

	
Clinoenstatite

	
4.0 ± 0.4




	

	

	
Maghemite

	
4.4 ± 0.7




	
Sample W7-5% Fe2O3




	

	
1300 °C, 30 min

	

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
71.4 ± 4.7

	
Forsterite Ferroan

	
61.4 ± 4.2

	
Forsterite Ferroan

	
92.5 ± 6.8




	
Clinoenstatite

	
11.0 ± 1.0

	
Protoenstatite

	
22.3 ± 1.4

	
Clinoenstatite

	
3.9 ± 0.4




	
Magnesioferrite

	
17.6 ± 1.2

	
Magnesioferrite

	
16.3 ± 1.3

	
Magnesioferrite

	
3.6 ± 0.3




	
Sample W7-10% Fe2O3




	

	
1300 °C, 30 min

	

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite Ferroan

	
66.2 ± 4.6

	
Forsterite Ferroan

	
56.0 ± 4.3

	
Forsterite Ferroan

	
88.7 ± 6.5




	
Clinoenstatite

	
9.3 ± 1.1

	
Protoenstatite

	
23.5 ± 1.4

	
Clinoenstatite

	
3.4 ± 0.4




	
Magnesioferrite

	
24.5 ± 1.5

	
Magnesioferrite

	
20.5 ± 1.5

	
Magnesioferrite

	
7.9 ± 0.5
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Table 6. The mineralogical content (wt.%) of product obtained from the sample W8 with the addition of hematite after firing.
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Sample W8




	

	
1300 °C, 30 min

	

	
1600 °C, 60 min




	
Forsterite

	
53.8% ± 3.8

	
Forsterite

	
81.2% ± 6.0




	
Enstatite

	
46.2% ± 3.5

	
Enstatite

	
15.5% ± 1.1




	

	

	
Maghemite

	
3.3% ± 0.5




	
Sample W8-5% Fe2O3




	

	
1300 °C, 30 min

	

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite

	
50.6% ± 3.7

	
Forsterite Ferroan

	
49.0% ± 3.2

	
Forsterite Ferroan

	
90.6% ± 6.4




	
Enstatite Ferroan

	
37.6% ± 3.0

	
Enstatite Ferroan

	
38.1% ± 3.0

	
Clinoenstatite

	
4.5% ± 0.6




	
Magnesioferrite

	
11.8% ± 1.5

	
Magnesioferrite

	
12.9% ± 1.6

	
Magnesioferrite

	
5.0% ± 0.8




	
Sample W8-10% Fe2O3




	

	
1300 °C, 30 min

	

	
1300 °C, 120 min

	

	
1600 °C, 60 min




	
Forsterite

	
45.5% ± 3.4

	
Forsterite Ferroan

	
45.4% ± 3.4

	
Forsterite Ferroan

	
87.4% ± 6.2




	
Enstatite Ferroan

	
36.8% ± 3.0

	
Enstatite Ferroan

	
37.7% ± 3.0

	
Clinoenstatite

	
4.4% ± 0.6




	
Magnesioferrite

	
17.7% ± 1.2

	
Magnesioferrite

	
16.9% ± 1.1

	
Magnesioferrite

	
8.3% ± 0.9

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
F v
F= e
J Banrory @ s, (b)
Ry S s,
[ wreirod, werotes,
oS naey s,
:
w
2 =
H
i —w
R et Sl
£ | o, © | @ ~wmaxr,
§ m| e, ateris,
. —+—WIPT-5%Fe,0, M e
1501 —— wrPT-10% Fe,0, P=WIRT.5% Fo 0
-
.

30min, 1900°C 120 min, 1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C.

Thessal Trostnest






media/file4.png





media/file18.png
Intensity (a.u.)

v Olivine ¥ Pyroxenes

v Magnesioferrite ¢ Maghemite

W6 1

N I | F S

e
LU

4

v
%\7" AAAE v/
v Vv
v
v VY v
v
v - -
Vv
v 7Y v

v

10% Fe,0,
60min, 1600°C

10% Fe,0,
¥ 120min, 1300°C

10% Fe, 0,
w7 30min, 1300°C

5% Fe,0,
V' 60min, 1600°C

5% Fe,0,
v 120min, 1300°C

5% Fe,0,
V' 30min, 1300°C

30min, 1600°C

% 30min, 1300°C

10 20 30

40 50
20 (deg)

60

70 80





media/file21.jpg
s
2z
5
2
5
K]
£

e

Lewe sk

g omin, 1300

hre0,
g somin,viowc]

450,

L ol Mgz Loss b 5 v s
ke ovel lais § 3z S35 s
RO Rt er Joogs B g3 s

60

70 80





media/file22.png
Intensity (a.u.)

v Olivine

v Pyroxenes

v Magnesioferrite o Maghemite

W8

10% Fe,0,

<
: <
(7]

’

Omin, 1600°C

10% Fe, O,

10% Fe,0,

y <
F <l

V 120min, 1300°C

30min, 1300°C

5% Fe,0,

v V 60min, 1600°C
F R .

5% F9203

v V 120min, 1300°C

v V 30min,1600°C

v Vv 30min, 1300°C

v V 30min, 1300°C

10

70

80





media/file19.jpg
Intensity (a.u.)

v Olivine ~ Pyroxenes

v Magnesioferrite « Maghemite

W7

ool da

G 1 X sy _SK__z_g 12omin e
¢ o ke e e o

1 1ol i 3 . omin, 1300
10 20 30 40 50 60 70 80





media/file7.jpg
22

2.

8.

6.

i

2.

0.

2

1.

16

"

2

0.

—e-Ws.5% Fe,0, ~ewsPTs% Fe0,
e Wos%Fo, oo a0,
—s- W14 Fe0, —+—wrPT% Fe0,
- was% a0, BEvY
@ ®
—WsA0%Fe, —WSPTADH Fe,0,
—WEA0%Fe,D, —WEPT0%Fo,0,
Y ——WIPTA0% Fe0,
o WBA0%Fe0, —— WEPT-A0% Fo,0,
:
i
£ T
N ==
= 5 © @

30 min, 1300°C 120 min, 1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C

Tiowond Traataiang






media/file10.png
1—=— W5 —— W6 —— W7 —— W8

—o0— W5SPT —0— W6PT —— W7PT —— W8PT

0 5 10
Hematite wt.%

(a)

18

—a— W5 —o— W6 —— W7 —— W8

1 —— WSPT —— W6PT —— W7PT —<— WS8PT

0 5 10
Hematite wt.%

(b)






media/file14.png
Mechanical Strength (MPa)

250

200

-

150 -

100 -

1—*—W5-5% Fe,0,

| W5PT-5%Fe,0,

—— W5 —=— W6
o WeRT (a) —— W6PT

—e— W6-5% Fe,0,
——W6-10% Fe,O,
—e— W6PT-5% Fe,0,
—o— W6PT-10% Fe,0

— — W5-10% Fe,0,

—C—WS5PT-10% Fe O,

3

(b)

—a— W7
——WTPT
—o— W7-5% Fe203 ( c) (d )
= WT7-10% Fe203
——W7PT-5% Fezoa
— o WTPT-10% F9203

—s— W38

—— W8PT

—e— W8-5% Fe,0,
——W8-10% Fe,O,
—e— WB8PT-5% Fe,0
—o— WB8PT-5% Fe,0

3

3

L Ll

L] L ] I 1
30 min, 1300°C 120 min, 1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C

Thermal Treatment





media/file11.jpg
3.04

BD (g/cm®)

—a— W5 —e— W6 —— W7 —— W8
——W5PT —o— W6PT —— W7PT —— W8PT

0 5 10
Hematite wt.%





media/file6.png
20

154
104
54 —=— W5 ——WS5PT —=— W6 —— W6PT
—o— W5-5% Fe,0, — — W5-10% Fe O, —e— W6-5% Fe,0, — — W6-10% Fe,O,
. —— W5PT-5% Fe,0, —— W5PT-10% Fe O, —e— W6PT-5% Fe,0, —— W6PT-10% Fe,O,
a=
»n 0
L.
20 -
(c)
154
10 - ¥
—a— W7 —— W7PT
51 —e—W?7-5% Fe,0,—— W7-10% Fe,0, —=— W8 —— W8PT
—e— W7PT-5% Fe,0, —— W7PT-10% Fe,0, | —*— W8-5% Fe,0,——W8-10% Fe,0,
—&— W8PT-5% Fe,0, —— W8PT-10% Fe,O,
0

1 | ) ' | 1
30 min, 1300°C 120 min, 1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C

Thermal Treatment






media/file15.jpg
Intensity (n.u)

TR P 4

Itonsity (a)

vl 5 -
2 wog)

@






media/file2.jpg





nav.xhtml


  applsci-12-02094


  
    		
      applsci-12-02094
    


  




  





media/file16.png
Intensity (a.u.)

v Qlivine v Pyroxenes v~ Magnesioferrite « Maghemite v Olivine v Pyroxenes v Magnesioferrite « Maghemite

7
W5 f W5PT
¥ A7
v
. . 10% Fe,0
I Ti " 7 V%7 &0min, 1600°C Y v - 10% Fe,0,
| e | ] L YN g 7 &0min, 1600°C
v I | A
7 % 10% Fe,0, . o T ,"? . v 10% Fe,0,
Ve - o 120min, 1300°C I v v vvvl g v 7 120min, 1300°C
v voul v v - L. A —
o v 10% Fe,0, = v v v .7 ¥ 5 7 10% Fe,0,
- =
vli 7v v o v 7 v 30min, 1300°C (4] T T A 1 i:‘ v Y : ATV 30min, 1300°C|
7 7 S L~ v i v i
> - v 5% Fe,0,
v T 5% Fe,0 - v v 7 -
Vg - e,y - — ] l v T kvl % &0min, 1600°C
I ‘ ! . 1 v v Y 60min, 1600°C (7)) \ Ll T
H c ¥
. + 7 o v v 5% Fe,0,
17 i ¥ 1205‘}'? F:z;i}nc = N 7 7 7 120min, 1300°C
Lo s v Iz zm £ 3 :
¥ - v 7 59, F v 5% Fe,0,
T g T Ll
T W v "I?" vi Vi vYY v +w 30min, 1300°C i A M M X o, 1300°G
A - ™ P - ¥ ¥ v
a '{?
i ¥ &
vy | v . H v
l v l 30min, 1600°C L o o Y 30min, 1600°C
[ . T AR i R o v fLe Loa
7 - " + - !
E
v
kT 7
¥ . v
L Mok SRS e e [ . vl
e b i, et i P’

20 (deg) 20 (deg)
(a) (b)





media/file20.png
Intensity (a.u.)

v Olivine

v Pyroxenes

v Magnesioferrite o Maghemite

W7

I

O

v vV

V9w

Yoy

Y.Lh [ |

10% Fe,0,
¥ ¥V 60min, 1600°C

v 10% Fe,0,

v

o —

% 120min, 1300°C

v

7

v
v Sl v X lxvvxv zt g g 3omin, 1300°C

10% Fe,0,

5% Fe,0,
60min, 1600°C

5% Fe,0,
v 120min, 1300°C

5% F6203

v 30min, 1300°C

0,
Y. 30min, 1600°C

30min, 1300°C

10

20

40
20

50 70 80

(deg)





media/file5.jpg
FS%

15

10,

2

15

0

(a) (b)
—e— W5 ——WSPT —a— W6 ——WePT
—o— W5-5% Fo,0, — — W5-10% Fe,0, —— WE-5% Fo,0, — — W6-10% Fo,0,
—+— WSPT-5% Fo,0, ——WSPT-10% Fe,0, | —e— WBPT-5% Fe,0, —— WEPT-10% Fe,0,
(© ()
—— W7 ——wrPT
—a— W8 ——WePT

—+—WI-5% Fo,0, — — W7-10% Fe,0,
—+— WIPT-5% Fo,0, —— WIPT-10% Fo,0,

e WB5% Fo,0, — — WB-10% Fo,0,
—— WEPT-5% Fo,0, —— WBPT-10% Fo,0,

30 min, 1300°C 120 mi

1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C

E -






media/file1.jpg





media/file12.png
3.3~
3.0 -
E
Lo
227-
(]
(1]
2.4 -
2.1 T . - '
T 5 10

Hematite wt.%





media/file3.png





media/file9.jpg
WA

e W5 o WG W7 ——WB
| —— WSPT —— WGPT—— WIPT ——WaPT

18-

15

2

W WE—— W7 —— W8
— WSPT —— WEPT —— WIPT —— WEPT

T T )
Homatito wt%

@

T i )
Hematis wt%

(®)






media/file0.png





media/file8.png
FS%

22

1—=—W5-5% Fe,0,

20 - —=—W5PT-5% Fe,O,
| —*—W6-5% Fe,0, —o—W6PT-5% Fe,O,
18 - ——W7-5% Fe O, —+—W7PT-5% Fe O,
- + wa-so/n Fe203 +W8PT‘5°ID Fezoa
16 + L
14 -
12 -
10
8 4 &
) (a) (b)
6
1——W5-10% Fe,O, —— W5PT-10% Fe,O,
204 — — W6-10% Fe O, —— W6PT-10% Fe,O,
18 1 ——W7-10% Fe O, —C—W7PT-10% Fe O,
'. "— W8-10% Fe,0, —— W8PT-10% Fe O,
16 -
141
12 -
10
8+ i it
) = (c) (d)
6

] L) L) ) L) I
30 min, 1300°C 120 min, 1300°C 60 min, 1600°C 30 min, 1300°C 120 min, 1300°C 60 min, 1600°C

Thermal Treatment






media/file17.jpg
Intensity (a.u.)

v Olivine + Pyroxenes v Magnesioferrite « Maghemite

wé
I ¢y i oo i |
N

L el el T e

7. i (o8 S E et

.k % i
1l o g, 3] sromemania

n . H s0min, 000-c|

I 64 v v - 7 30min, 1300°c |
10 20 30 40 50 60 70 80

20 (deg)





