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Abstract

:

The results of research on the processing of ilmenite concentrate from the Obukhovskoye deposit are presented in this article. As the concentrate has a high chromium content, the study involved converting the iron into metal and the titanium into slag through the addition of soda. Positive results were obtained during the smelting of the ilmenite concentrate, and a one-stage smelting mode was established. This mode involved an increase in the temperature up to 1700 °C, with a heating step of 10 °C/min and using an argon supply. The holding time at this temperature was 30 min, followed by cooling to 700 °C in argon. The optimal parameters for sintering the non-magnetic fraction with soda and leaching the sinter with water and hydrochloric acid solution were also determined.
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1. Introduction


Global practices of titanium sponge production mainly use two minerals: ilmenite FeTiO3 and rutile TiO2. Ilmenite is the most widespread titanium mineral and is a source of synthetic rutile, which is used in the production of pigments and metallic titanium [1]. The Republic of Kazakhstan ranks No. 3 in the world in terms of the production of products required in the aerospace sector. The Ust-Kamenogorsk Titanium and Magnesium Plant (UKTMP JSC) is one of the world’s largest vertically integrated producers of TG-100 titanium sponge.



The UKTMP JSC facility has modern technological equipment and produces high-grade titanium sponges that are used to produce titanium ingots, alloys, and rolled products. The consumers of these products are aerospace companies, such as Boeing, Airbus, Rolls-Royce, Pratt and Whitney, and General Electric. The expansion of titanium slag production and the range of titanium ingots, alloys, rolled products, titanium-coated products, and other titanium products from UKTMP JSC depends on its titanium sponge output and, above all, its output of high-quality ilmenite concentrates [2,3].



Deposits of placers and weathering crusts, which formed as a result of the denudation of bedrock in coastal marine and continental conditions of sedimentation, form the mineral resource base of titanium–zirconium ores in the Republic of Kazakhstan. Titanium–zirconium placers and weathering crusts usually have low average contents of the main useful components (rutile, ilmenite, and zircon), and contain the associated mineralization of valuable rare and rare-earth elements [4,5,6].



The recovery of pure ilmenite concentrates from deposits is often challenging, due to the existence of chromium-containing impurities. Even the existence of a small amount of chromium in ilmenite concentrates reduces their market value as a potential raw material for the production of pigments based on titanium dioxide. For these reasons, there is a need for the preliminary deep purification of these concentrates from chromium [7]. The main forms of chromium impurities in ilmenite concentrates are Cr2O3 (chromium-containing) spinel minerals (i.e., chromium-rich spinels), such as chromite FeCr2O4, magnesiochromite MgCr2O4, and aluminochromite (Fe,Mg)(Cr,Al)2O4. In current industrial practices, chromium impurities are separated from ilmenite concentrates through a magnetization roasting process [8,9]. At present, there is a trend toward the processing of low-grade titanium deposits, due to a decline in the quality of primary ores around the world.



The high chromium content in ilmenite concentrates makes it difficult to further process them into titanium-containing slag, titanium tetrachloride, and sponge titanium, as its presence causes problems with chromium transfer into the final products. In this regard, there is a need to purify both the concentrates and products of ilmenite processing to remove the chromium [10,11].



Currently, about 4.5 thousand tons of waste ilmenite concentrate has accumulated at the beneficiation plant of Tioline LLP, which processes the titanium–zircon placers of the Obukhovskoye deposit, due to the plant’s non-compliance with technical requirements because of the deposit’s high content of chromium, making titanium alloys and ingots cold-short [12]. The ilmenite concentrate of the Obukhovskoye deposit contains 54.89–56.0% TiO2, 27.35–30.2% Fe2O3, and 2.7–6.4% Cr2O3, whereas the chromium oxide content should not exceed 2% Cr2O3 in the case of the ilmenite concentrates that are supplied for processing by UKTMP JSC. In turn, the chromium content in titanium slags should not exceed 0.1% Cr2O3 [13].



In existing industrial practice, chromium impurities are separated from ilmenite concentrates using a magnetization roasting process [14,15,16,17]. In global practice, the development of the roasting–magnetic separation of ilmenite concentrates began with the use of oxidative roasting for unaltered ilmenites from primary deposits and gas-reducing roasting for highly altered ilmenites from placer deposits. As most deposits contain ilmenite grains of various alteration degrees, this study aimed to develop an effective universal method of carbon-thermal reduction in tubular rotary furnaces, with subsequent cooling in a controlled atmosphere. Catalytic additives comprising the salts of alkaline earth metals and other elements and compounds are used to reduce the temperature and increase the reduction degree and coagulation of iron [18,19,20,21,22]. Metallic iron is extracted from sinters using magnetic separation and from non-magnetic fractions by leaching. The purity of artificial rutile directly depends on the purity of the initial ilmenite concentrate and the degree of iron metallization. The calcination of ilmenite concentrates under oxidizing or reducing conditions increases the magnetic susceptibility of ilmenite, which, in combination with magnetic separation, favors its separation into a monomineral fraction [23,24].



In [25,26,27,28], the authors investigated an ilmenite concentrate with a high chromium content from the Murray Basin deposit. As a result, the authors found that slightly diluted ilmenite concentrates contained fine-grained associations of ilmenite and pseudorutile. Ilmenite with a content of 0.1 wt.% Cr2O3 was subjected to magnetization roasting at low temperatures (650 °C) in an environment of slightly fluidized gases. A gas mixture of N2, CO2, and H2O, simulating completely burned natural gas, was effective as a fluidizing gas. It was found that the addition of small amounts (1–2 vol.%) of hydrogen or oxygen to the fully burned gas mixture had a negative effect on the removal of chromium from altered ilmenite concentrates during weathering, increasing the residual Cr2O3 content to 0.1 wt.% in the magnetic product.



An alternative method for the disposal of these low-grade ilmenite concentrates is to process them into TiO2 slag by direct smelting, as their high iron content provides suitable thermodynamic conditions for smelting. However, the direct smelting of ilmenite fines is quite challenging due to environmental issues and improper smelting, which results in higher production costs. Therefore, it is necessary to grind these low-grade ilmenite fines into ilmenite granules before the smelting process to use them economically [29,30,31,32].



Thus, the purpose of this study, which is focused on the processing of leucoxenized ilmenite concentrates with increased contents of chromium, is to develop a method of pyrometallurgical treatment for the maximum conversion of iron and chromium into the metal fraction and titanium into the slag fraction, with the further removal of chromium from the titanium-containing fraction.




2. Materials and Methods


Materials and equipment: The chemical composition of the substandard ilmenite concentrate sample from the Obukhovskoye deposit in the Republic of Kazakhstan is presented in Table 1. The ilmenite concentrate has a density of 4.29 g/cm3 and a bulk mass of 1.95 g/cm3; its particle size distribution is also presented in Table 2. An analytical grade of Na2CO3 was used for roasting and smelting.



According to the particle size distribution, ilmenite from the Obukhovskoye deposit is of the fine-grained type. According to the results of the sieve analysis, it was found that 98.95% of the ilmenite concentrate is fine-grained material, with a grain size of −0.1 + 0.05 mm. A sludge yield of −0.05 + 0 mm accounts for 0.92% of the concentrate.



Coke from Sary-Arka JSC was used to carry out the pyrometallurgical analysis, the qualitative characteristics of which are presented in Table 3. The composition of the coke ash is shown in Table 4.



Coke obtained from coal from the Shubarkolskoye deposit is considered active and low in ash. It has a well-developed pore structure formed of both large pores (150–300 microns in size) and small pores (0 to 1.0 microns in size). The coke was crushed on a vibrating abrasive IV1 (VIBROTECHNIK LLC, St. Petersburg, Russia) to 0.074 mm.



Oxidizing and reducing roasting were performed. A charge was prepared without the addition of soda ash, with a composition of 82% ilmenite concentrate, 17% coke, and 1% molasses. The ilmenite concentrate of the Obukhovskoye deposit was ground up to a size class of 0.074 mm on a vibrating abrasive IV 1. Large pieces of coke were crushed to fractions of −0.5 + 0.1 mm and were then thoroughly mixed with the crushed ilmenite concentrate and binder. Then, the prepared mass was transferred into cylindrical steel molds, and briquettes with a size of 16 × 19 mm were formed. The briquettes were dried in a muffle furnace at 60–70 °C for 180 min. A charge was prepared from the ilmenite concentrate and coke, with the addition of soda ash from the initial concentrate. Molasses was used as the binder for the briquettes. Their chemical composition is shown in Table 5. Molasses is a syrupy liquid with a dark brown color. Molasses is often used in laboratory studies as a binder for the manufacture of briquettes from charge materials. The addition of soda contributes to the liquefaction of slag, as a result of the formation of medium-smelting aluminosilicates and sodium titanates [12]. With the addition of 4% soda, the charge had the following composition: 78% ilmenite concentrate, 17% special coke, 4% soda, and 1% molasses. During the preparation of the charge, the ilmenite concentrate was also ground down.



Three briquettes were placed in a graphite crucible, and coke was placed at the bottom of the crucible. The briquettes were roasted in a chamber furnace (Kejia, Zhengzhou, China). Oxidative roasting was performed in three stages at 900 °C, 1000 °C, and 1100 °C, and roasting was performed without and with the addition of 4% and 6% calcined soda at each temperature. The charge with the addition of 6% soda had the following composition: 76% ilmenite concentrate, 17% coke, 6% soda, and 1% molasses. The sinter was pulverized after roasting, and magnetic separation was performed with an AMR brand magnet (Scientific and Production Company “Prodekologia” No. 0888, dated 07.2017, Ukraine) at a magnetic field strength of 200 Oersted. The extraction was calculated using the following formula:


ε = β × Q/γ × P × 100%,



(1)




where ε—extraction of the calculated component in the product, %; where β—content of the component in the obtained product, wt.%, Q—yield (mass) of the obtained product, g, γ—content of the component in the initial product, wt.%, P—mass of the initial product, g.



Reduction roasting with and without the addition of 4% and 6% calcined soda in the ilmenite concentrate was conducted at 1000 °C. The preparation of the charge and briquettes was similar to that for the oxidative roasting. The furnace regime of the reducing roasting was similar to that of the oxidative roasting but was performed in a reducing atmosphere with the presence of argon.



Reduction smelting at 1600 °C and 1700 °C was also performed. Two-stage smelting at 1600 °C was conducted in a tubular, vertical, high-temperature RHTV 120,600/C Nabertherm furnace (Nabertherm GmbH, Lilienthal, Germany). The charge consisted of 77% ilmenite concentrate, 6% soda ash, and 17% coke. Reduction smelting at 1700 °C (Figure 1) was performed in an XY-1800 chamber furnace (Henan Super Machinery Equipment Co., Ltd., Zhengzhou, China). The charge consisted of 66% ilmenite concentrate, 20% magnetic fraction, 6% soda ash, 7% coke, and 1% molasses.



Preparation of the slag fraction consisted of grinding the material on an IV6 vibrating abrasion machine up to 0.044 mm. The slag fraction was sintered with soda in the Kejia chamber furnace. The sinter was leached with hot water that was heated using a laboratory magnetic stirrer AREC (VELP Scientifica Srl., Usmate Velate, Italy) in the mixing device VELP LS (VELP Scientifica Srl., Italy). Filtration was carried out using a Buchner funnel and a Bunsen flask, and the vacuum was created with the BC-VP-4P vacuum pump (Value, Wenling, China).



Analysis methods. The quantitative contents of the main elements in the solutions and solid samples were determined using an Optima 8300DV atomic emission spectrometer with inductively coupled plasma (PerkinElmer, Inc., Waltham, MA, USA) and an AA-7000 atomic absorption spectrometer (Shimadzu, Kyoto, Japan). X-ray phase analysis was performed on a D8 ADVANCE diffractometer (BRUKER AXS GmbH, Karlsruhe, Germany) with Cu–Kα radiation, using the PDF-2 database of the International Center for Diffraction Data ICDD (USA). X-ray fluorescence analysis was performed on a Venus 200 PANalytical B.V spectrometer with wave dispersion (Malvern Panalytical, Almelo, The Netherlands). The polished briquettes were studied using a LEICADM 2500 P (Leica Microsystems GmbH, Wetzlar, Germany) microscope. The ilmenite was also studied with an OLYMPUS BX51 (Olympus, Tokyo, Japan) optical microscope. The compositions of the mineral phases were determined using the JEOL JXA 8230 electron probe microanalyzer (JEOL Ltd., Tokyo, Japan)




3. Results and Discussion


3.1. Oxidative Roasting Process for Ilmenite Concentrate


The phase analysis of the original concentrate is shown in Figure 2. The main phases of the ilmenite concentrate include ilmenite, rutile, and pseudorutile.



The results of the SEM-EDS elemental mapping of ilmenite concentrate are shown in Figure 3. As shown in Figure 3, ilmenite (FeO·TiO2) is a grey mineral of high hardness with clear reflectivity and strong anisotropy. Titanium in its oxide form is present in the tetravalent form in practically all natural minerals and is most often associated with iron oxides of different valences. The most common titanium minerals are ilmenite (FeTiO3) and leucoxene (TiO2·nH2O·Fe2O3), including hematite, which is formed as a result of weathering or from the oxidation of ilmenite or other titanium minerals. The ilmenite lattice changes and is rearranged, after which pseudobrookite (Fe2O3·TiO2), then arizonite (Fe2O3·3TiO2), and the aforementioned altered leucoxene appear in the next stages in hydrothermal and oxidizing environments.



Rutile and ilmenite were present in the first sample of the ilmenite concentrate in this mineralogical study. Rutile (TiO2) is a light grey mineral of low reflectivity. Its internal reflections are of thick brown with a reddish tint. The mineral is anisotropic and anhedrally shaped (Figure 4).



The oxidative roasting of ilmenites is performed to oxidase the divalent iron to Fe2O3 and Fe3O4, to achieve the further direct reduction of iron during smelting, and for the conversion of chromites into magnetic fractions for the electrostatic separation of chromites from titanium-containing fractions.



Oxidative roasting oxidizes FeO into Fe2O3 through the following reaction:


2FeTiO3 + 1/2O2 = Fe2O3 +2TiO2.



(2)







Oxidative roasting with ilmenite of the Obukhovskoye deposit was performed at 900, 1000, and 1100 °C, without the addition of soda and also with the addition of 4% and 6% soda. The results of one series of oxidative roasting experiments are presented in Table 6.



The yield of the non-magnetic fraction was small and ranged from 11.3% to 10.0%. However, the extraction of titanium into the magnetic fraction was much higher than into the non-magnetic fraction. The extraction of iron into the magnetic fraction was 86.5% to 92.8%, and there was almost no reduced metallic iron. According to the X-ray phase analysis (Figure 5), the crystalline phase was detected in the magnetic fraction at 900 °C without the soda, comprising mainly ilmenite Fe1.04Ti0.96O3 and rutile, syn. Ti0.992O2.



X-ray phase analysis of the magnetic fraction with 4% soda (Figure 5) shows the presence of a new phase, freudenbergite, syn. Na2(Fe2Ti6O16), as it appears due to the interaction of soda with ilmenite. The presence of ilmenite and rutile in fairly large quantities in the magnetic fractions of roasting at a temperature of 900 °C without the addition of soda ash and with 4% soda ash shows the insufficient reduction of iron and the transition of titanium to a non-magnetic fraction.



The second series of experiments was carried out at a temperature of 1000 °C. The furnace mode remained similar to that used in the first series of experiments. The results of the oxidative roasting experiments at a temperature of 1000 °C are presented in Table 7.



According to the results of Table 7, the yield of the non-magnetic slag fraction increased from 9.7% to 19.3%, and the extraction of titanium into the slag fraction increased markedly from 8.4% to 18.9%. The extraction of titanium into the magnetic fraction also remained high and varied from 91.6% to 81.1%. It was confirmed by X-ray phase analysis (Figure 6) that in the magnetic fraction at a temperature of 1000 °C, without soda ash, the phase of ilmenite Fe1.04Ti0.96O3 decreased and amounted to 59.9%, while the phase of rutile syn. Ti0.992O2, increased to 31.9%.



X-ray phase analysis of the magnetic fraction at 1000 °C with 4% soda (Figure 6) shows an increase in the ilmenite phase (63.4%), a decrease in the rutile phase (16.3%), and an increase in a new phase of freudenbergite syn. Na2(Fe2Ti6O16) phase (11.9%) at the expense of a greater quantity of soda addition. The extraction of iron into the non-magnetic fraction at 1000 °C increased from 7.2 to 16%, and the extraction of chromium into the non-magnetic fraction also increased from 4.0 to 6.9%.



The third series of roastings was conducted at 1100 °C, and the furnace mode was similar to that used in the first series of experiments. Table 8 shows the results of the oxidative roasting experiments at 1100 °C.



According to the oxidative roasting results (Table 8), the extraction of titanium into the magnetic fraction increased from 87.0% to 97.3%. There was very little metallic reduced iron—a few coagulated small metallic droplets.



According to the X-ray phase analysis (Figure 7), the crystalline phase detected in the magnetic fraction at 900 °C without soda was mainly rutile (47.9%) and ilmenite (14.7%). It is worth noting that the XRD analysis identified new phases, i.e., iron manganate Fe2MnO4 (12.0%), metallic iron (11.3%), and iron titanium oxide Fe1.69Ti0.22O3 (9.9%). That is, as the phase composition of the magnetic fraction changed, reduced iron appeared, and the ilmenite was gradually reduced to iron, with the transition of titanium to the oxide form with increases in temperature.



X-ray phase analysis of the magnetic fraction with 4% soda at a temperature of 1100 °C is shown in Figure 7. It indicates the appearance of new phases such as freudenbergite syn. Na2(Fe2Ti6O16) (9.6%), magnetite (17.0%), and ferrous bixbyite FeMnO3 (7.1%) due to the presence of soda.



According to the results of the X-ray phase analysis of the magnetic fraction, more rutile and unchanged ilmenite phases were formed after roasting the ilmenite concentrate without the addition of soda, and the rutile phase became slightly larger than the ilmenite phase with increases in the roasting temperature. A new phase of freudenbergite syn., appeared in the magnetic fraction after roasting when soda was added.



The optimal parameters of the oxidative roasting were as follows: a temperature of 1000 °C with the addition of 6% calcined soda. Under these conditions, the yield of the non-magnetic fraction was the highest, amounting to 19.3%. The extraction of titanium into the non-magnetic fraction was also the highest, amounting to 18.9%. However, the extraction of titanium into the magnetic fraction was greater than that into the non-magnetic fraction, and the loss of titanium with the magnetic fraction was noticeable.




3.2. Reducing Roasting of Ilmenite Concentrate


Since the metallic iron and non-magnetic fractions were insufficient during oxidative roasting, it was decided to conduct reducing roasting of the ilmenite concentrate. The temperature for the reducing roasting was chosen by taking into account the optimal temperature of 1000 °C for oxidative roasting. The roasting was performed without the addition of soda and also with the addition of 4% and 6% soda. The charge was made in the same way as for the oxidative roasting. The furnace mode was as follows: the briquettes were heated in the furnace up to 1000 °C for 100 min and were then kept for 30 min at the set temperature, followed by cooling to 700 °C in argon medium. The results of the reducing roasting experiments at 1000 °C are presented in Table 9.



According to Table 9, the extraction of titanium into the magnetic fraction was less than that into the oxidative roasting and varied from 60.3% to 65.5%. The extraction of iron into the magnetic fraction varied from 74.1% to 86.4%, and the extraction of chromium varied from 75.1 to 91.0%.



The XRD spectra of the magnetic fraction without soda ash and with 4% soda ash and 6% soda ash at 1000 °C are shown in Figure 8. X-ray diffraction analysis of the 1000 °C magnetic fraction without soda shows the following phases: rutile (68.9%), ilmenite (14.4%), hematite (12.2%), and iron–aluminochromite silica (Fe2.81Cr0.15)(Al0.402Si0.598) (4.5%). For the initial charge without soda, the presence of ilmenite and rutile indicates that the destruction of the ilmenite was not complete, the iron did not recover into the metal, and the titanium remained in the magnetic fraction. X-ray analysis of the magnetic fraction at 1000 °C with 4% soda shows the following phases: freudenbergite Na2(Fe2Ti6O16) (58.8%), ilmenite (22.2%), chromite (Fe0.976Al0.023)(Fe0.023Al0.329Cr1.647)O4 (10.4%), and iron–aluminochromite silicon (Fe2.81Cr0.15)(Al0.402Si0.598) (8.6%). X-ray analysis of the magnetic fraction at 1000 °C with 6% soda shows the following phases: rutile (53.7%), ilmenite (27.1%), hematite (12.2%), and iron–aluminochromite silica (Fe2.81Cr0.15)(Al0.402Si0.598) (7.0%).



The XRD spectra of the non-magnetic fraction without soda ash and with 4% and 6% soda ash at 1000 °C are shown in Figure 9. The phases of the non-magnetic fraction at 1000 °C without soda were as follows: rutile (49.7%), magnesian chromite (Fe0.50Mg0.50)(Cr0.71Al0.29)2O4 (20.4%), ilmenite (14.7%), hematite (10.6%), and quartz (4.6%). The phases of the non-magnetic fraction at 1000 °C with 4% soda were as follows: freudenbergite Na2(Fe2Ti6O16) (45.9%), magnesian chromite (Fe0.50Mg0.50)(Cr0.71Al0.29)2O4 (18.3%), and ilmenite (35.8%). The phases of the non-magnetic fraction at 1000 °C with 6% soda were as follows: rutile (43.6%), ilmenite (33.5%), magnesian chromite (Fe0.50Mg0.48)(Cr0.72Al0.28)2O4 (15.3%), and quartz (7.6%). Chromite phases were found in both the magnetic and non-magnetic fractions during the reduction, as well as when soda was added.



The optimal parameters of the reduction roasting were as follows: a temperature of 1000 °C; 6% soda was added to the charge; the sinter yield from the original material was 93.8%. The yield of the magnetic fraction was 69.68%, and the yield of the non-magnetic fraction was 30.32%. The extraction of titanium into the magnetic fraction was 65.2%, that of iron was 86.4%, that of chromium was 91.0%, and that of the ΣREE (rare-earth elements) was 90%. The extraction of titanium into the non-magnetic fraction was 34.8%, that of iron was 13.6%, that of chromium was 9.0%, and that of the ΣREE was 10%.



The reduction of iron oxides from the ilmenite occurs in the presence of carbon at temperatures above 800 °C, according to the following equations:


FeO·TiO2 + C = Fe + TiO2 + CO,



(3)






FeO·TiO2 + CO = Fe + TiO2 + CO2



(4)







The reduction of chromite proceeds according to the following reaction:


FeO·Cr2O3+ C = Cr2O3 + Fe + CO



(5)







A polished section of sample No. 1 from the magnetic fraction of the reducing roasting at 1000 °C without the addition of soda was analyzed. Reduced metallic iron was found along the edges of the ilmenite particles in magnetic fraction No. 1 (Figure 10).



Figure 11 shows an image of sample No. 2, with a particle of the magnetic fraction which was not decomposed by reducing roasting (1000 °C) without soda, where areas of manganous ilmenite, ilmenite with chromium admixture, rutile, and ilmenite can be observed. The image of sample No. 3 (roasting temperature of 1000 °C, without soda) of the non-magnetic fraction is shown in Figure 12. The maximum number of mineral particles in the heavy fraction found in the sample was more than that in the magnetic fraction (monazite and columbite).



Electron probe studies were carried out with the polished section of sample No. 4 of the magnetic fraction obtained from the sinter of the reducing roasting at 1000 °C with the addition of 4% soda (Figure 13). Monazite and soda inclusions with monazite were found in the studied sample at ×1600 magnification. The sodium layer of monazite with sodium inclusions (2) contained fewer particles of heavy fraction than in monazite (1). Moreover, sodium follows channels, sometimes bypassing more resistant compounds. The particles of undecomposed ilmenite on the titanium oxide and reduced metallic iron are shown, which is why there are chrome spinelides embedded in the ilmenite lattice. The interaction of monazite with soda shows the partial disintegration of the monazite crystal at the boundaries of soda disintegration, which was confirmed by SEM-EDS elemental mapping, as shown in Figure 14. Presumably, this indicates either a lack of soda or a low temperature.



The image of sample No. 5 of the non-magnetic fraction with the addition of 4% soda ash (Figure 15) shows ilmenite particles with increased titanium content and a chromium admixture, which is supported by the SEM-EDS elemental mapping (Figure 16).



Conclusions can be drawn, based on the mineralogical compositions of the investigated samples. Ilmenite, chromium spinelides, and rutile were found in the magnetic fraction of the sinter of the reducing roasting at 1000 °C without soda. The ilmenite concentrate minerals did not decompose into reduced iron and a slag fraction containing titanium oxides. Reduced iron occurred only at the edges of the ilmenite, and the partial reduction of the iron occurred in the chromium spinelides, ilmenorutile, and the ilmenite itself, so they remained in the magnetic fraction.



Ilmenite, chromium spinelides, monazite, and xenotime were contained in the non-magnetic fraction from the same reducing roasting experiment without soda. The content of chromium spinelides with the released iron during the reduction process in the non-magnetic fraction is explained by the fact that chromium spinel is non-magnetic. The discovery of rare-earth minerals in the non-magnetic fraction in the form of monazite and xenotime confirms their concentration.



Chromium-spinel, ilmenite, monazite, and xenotime were found in the second magnetic fraction in the same way as in the first magnetic fraction. A new phase, freudenbergite Na2(Fe2Ti6O16), appeared wherever the sodium interacted with the ilmenite. The interaction of soda with ilmenite, as well as with monazite, is visible in the electron probe microscope photographs. Moreover, the destruction of the crystal lattice, or the activation of the lattice of rare-earth phosphates, is clearly demonstrated in Figure 13.



Thus, no reduced metallic iron was formed during the reducing roasting process; up to 65.2% of the titanium was lost with the magnetic fraction. The slag fraction was low in titanium and had a high iron content, as 34.8% titanium and 13.6% iron were extracted into the non-magnetic fraction. In this regard, an experiment was performed to smelt the ilmenite concentrate.




3.3. Smelting Process of Ilmenite Concentrate with High Chromium Content


The technology of solid-phase carbothermic reduction and the liquid-phase reduction smelting of titanium-containing concentrates in electric furnaces for the preliminary separation of iron into an independent phase has become quite widely used in the titanium sub-industry. Electric smelting is rational and represents the most effective way to separate iron from titanium dioxide compared to other methods used to process titanium raw materials. In this case, two commercial products were obtained, in the form of titanium slag with 70–90% TiO2 and cast iron alloyed with titanium, vanadium, and chromium.



The total reduction process of ilmenite can be represented by the following equation:


Fe2O3·TiO2 → Fe3O4·TiO2 → FeO·TiO2 → Fe + TiO2



(6)







Titanium dioxide is also reduced through several intermediate compounds:


TiO2 → Ti2O5 → Ti2O3 → TiO → TiC



(7)







Hematite is reduced according to the following scheme:


Fe2O3 → Fe3O4 → FeO → Fe



(8)







Two-stage smelting was carried out in a tubular, vertical furnace. The mixed charge was poured into a graphite crucible.



X-ray diffraction analysis of the initial charge (Figure 17) shows the following phases: iron (III) titanium oxide phase (Fe2TiO5) (30.0%), ilmenite (Fe1.04Ti0.96O3) (26.1%), rutile (TiO2) (21.2%), iron oxide (Fe2O3) (12.4%), and iron–chromium oxide hydroxide Fe(CrO4) (10.2%).



The sinter was crushed and magnetic separation was performed at a magnetic field strength of 180 Oersted. Table 10 presents the results of the reduction smelting and magnetic separation of the sinter.



The second smelting was performed in a single stage at 1600 °C in a Kejia chamber furnace in an argon environment. Seven briquettes measuring 16 × 19 mm were made and then placed in a graphite crucible. The charge consisted of 87.6% ilmenite concentrate, 2.6% soda ash, 8.8% coke, and 1% molasses. The second smelting results are presented in Table 11.



The extraction of total iron into the magnetic fraction was 92%; no metallic iron was found. The extraction of titanium oxide into the non-magnetic fraction was small, amounting to 24%, and that into the magnetic fraction was 76%; there was no separation into the slag and reduced iron metal, which was probably due to the small amount of soda.



For the third reduction smelting, a 35 × 20 mm briquette was made and then placed in a corundum crucible. The reduction smelting mode was as follows: the temperature was raised to 1700 °C over a period of 170 min, where it was held for 30 min in an argon environment. The sinter yield was 85.23%. During the smelting process, an alloy was obtained in the form of a reduced iron ingot weighing 25.78 g, as shown in the photograph in Figure 18.



The sinter was crushed and magnetic separation was performed. The yield of the magnetic fraction was 60.0%, and the yield of the non-magnetic fraction was 40.0%. The extraction of metallic iron into the magnetic fraction was 43.16%, and that of iron in the form of Fe2O3 oxide was 46.95%. The extraction of titanium oxide into the non-magnetic fraction was 49.2%, that of iron oxide was 9.89%, and that of chromium oxide was 10%. Table 12 shows the results of reduction smelting at 1700 °C.



The optimal conditions for the reduction smelting were determined to be at 1700 °C with the addition of 6% soda. The single-stage smelting mode of the ilmenite concentrate was as follows: the temperature was raised to 1700 °C, with a heating step of 10 °C/min with argon supply, and then held for 30 min, followed by cooling to 700 °C in an argon environment.



During the smelting, the extraction of titanium into the non-magnetic fraction was higher, at 49.2%, than in the first and second smeltings. The iron was formed into a metal ingot of reduced metal. Moreover, during smelting, up to 68–72% of the REE passed into the non-magnetic fraction.




3.4. Leaching Process for Non-Magnetic Fraction Cake with Soda Using Water, and the Determination of Optimal Conditions


A non-magnetic slag fraction was produced and averaged, with the following composition: 74 wt.% TiO2, 1.1 wt.% Fe2O3, 1.01 wt.% Cr2O3, and 1.9 wt.% MnO2. The titanium-containing slag had a high chromium content. The slag was sintered with soda and then leached with water to remove the chromium. The chromium spinel, when sintered with soda in an oxidizing atmosphere at above 855 °C (the melting point of calcined soda), formed sodium chromate according to the following reaction:


4FeCr2O4 + 8Na2CO3 + 7O2 →8Na2CrO4 + 2Fe2O3 + 8CO2↑.



(9)







When it was sintered with soda, titanates, silicates, ferrates, and sodium aluminates were also formed according to the following reactions:


2TiO2+ Na2CO3 = Na2Ti2O5 + CO2↑,



(10)






SiO2 + Na2CO3 = Na2SiO3 + CO2↑,



(11)






Al2O3 + Na2CO3 = Na2Al2O4 + CO2↑,



(12)






Fe2O3 + Na2CO3 = Na2Fe2O4 + CO2↑.



(13)







Before sintering, the non-magnetic fraction with soda was mechanically activated for a duration of 120 min. Mechanical activation was performed using an IV6 vibration abrader, up to a class of 40 microns. The main task for the activation of the non-magnetic fraction during the reduction smelting was to increase the surface and amorphization of the crystals of chromium-containing particles. This provided effective access for the leaching agent and increased the degree of chromium extraction into the solution [32,33,34].



After mechanical activation, a 0.04 mm class of non-magnetic fraction was sintered with soda at ratios of 1:0.5, 1:1, 1:1.5, and 1:2. The non-magnetic fractions were sintered in a Kejia chamber furnace at 950 °C at a heating rate of 10 °C/min and then held for 30 min. The sinter yield was 95.3–99.04% during the sintering of the non-magnetic fraction with a 1:0.5 soda ratio. During the sintering of the non-magnetic fraction with a 1:1 soda ratio, the sinter yield was 93.7–95.2%. During the sintering of the non-magnetic fraction with a 1:1.5 soda ratio, the sinter yield was 92.7–93.9%. During the sintering of the non-magnetic fraction with a 1:2 soda ratio, the sinter yield was 84.4–89.7%. The cake yield decreased with an increase in the soda in the ilmenite: part of the soda decomposed into Na2O and CO2, due to the presence of sodium bicarbonate in the soda.



After the non-magnetic fraction was sintered with soda, the cake was leached with water. We used cakes with ratios of ilmenite to soda of 1:0.5, 1:1, 1:1.5, and 1:2. The first series of experiments on leaching cakes of various ratios was performed as follows, using water. A sample of 30 g was poured into a glass beaker with water at S/L = 1:5; the temperature was 25 °C, and the leaching process was carried out for 30 min. Then, it was filtered, and the cake was washed on the filter at S/L = 1:5, dried at 100 °C, and weighed. The volumes of the filtrate and wash water were measured, and the solutions and cakes were submitted for analysis.



In the titanium slag with soda, 94.4% of the titanium was present in the form of sodium titanates of various compositions. In the aqueous leaching process of the sinter, the crystalline structure of sodium titanates was preserved, but the substitution of Na+ for H+ was not observed. The ferrites and sodium manganate formed during sintering were hydrolyzed when dissolved in water and passed into the cake in the form of hematite and manganese dioxide. The changes in the extraction of chromium and sodium into the solution from the ratio of slag and soda in the initial charge are shown in Figure 19. The constant parameters of the leaching of the sinter using water when the slag ratio changed were as follows: the deposits had a solution temperature of 25 °C, an S/L ratio of 1:5, and a leaching time of 30 min.



According to the results of the first batch of experiments, the extraction of chromium and sodium into the solution gradually increased, due to the good solubility of sodium and chromium; at a ratio of 1:1.5 in the sinter, the extraction of chromium into the cake was the highest, amounting to 57%, and the extraction of sodium into the solution was 70%. At a ratio of 1:2 in the sinter, the extraction of chromium in the cake became balanced, amounting to 57%, and the extraction of sodium was 70%.



The second batch of experiments on the leaching of sinters with water at the set slag–soda ratios (1:0.5; 1:1; 1:1.5; 1:2) was carried out at a temperature of 50 °C for 30 min, with an S/L ratio of sinter to water of 1:8. After filtration, the cake was washed on a filter at S/L = 1:5, then dried at a temperature of 100 °C, and weighed. The volumes of the filtrate and rinsing water were measured, and the solutions and caps were taken for analysis. The changes in the extraction of chromium and sodium into the solution from the ratio of slag and soda in the initial charge are shown in Figure 20.



According to the results of the second batch of experiments, at a ratio of 1:1.5 in the sinter, the extraction of chromium into the solution was the highest, amounting to 58.6%. At a ratio of 1:2, the extraction of chromium into the solution became balanced, amounting to 58.5%. The extraction of sodium into the solution increased, and at a ratio of 1:2, the maximum value was 86%. Therefore, a ratio of 1:1.5 was chosen.



To select the optimal leaching temperature of the sinters, experiments were conducted at temperatures of 50, 75, and 100 °C under constant experimental conditions: the ratio of slag to soda ash was 1:1.5, the time was 30 min, and the S/L ratio was 1:5. The results of the experiments are shown in Figure 21.



Figure 21 shows that with increasing temperature, the extraction of sodium into the solution increased. The extraction of chromium into the solution at a temperature of 25 °C was 56.9%; at a temperature of 50 °C, it was 58.6%; at 75 °C, it was 58.8%; and at 100 °C, it was 58.9%. Therefore, the optimal temperature chosen was 50–75 °C.



Experiments were conducted to select the optimal leaching time under constant leaching conditions: a ratio of slag to soda of 1:1.5, a temperature of 50 °C, an S/L ratio of 1:5 were chosen, and the results are shown in Figure 22.



Figure 22 shows that extraction into the sodium solution gradually increased from 58.2 to 80%. The extraction of chromium at 30 min was 58.6% and remained at practically the same level, and the optimal leaching time was 30 min.



Experiments to determine the S/L ratio were carried out at 1:2, 1:5, 1:8, and 1:10 under constant conditions: a temperature of 50 °C, a duration of 30 min, and a ratio of slag to soda of 1:1.5. The results of the experiments are shown in Figure 23.



With an increase in the S/L ratio, the extraction of sodium into the solution increased from 48.5 to 74.6%, and the chromium increased and became balanced at S/L = 1:8, at 67%.



The third series of experiments to leach the cakes with water at slag-to-soda ratios of 1:0.5, 1:1, 1:1.5, and 1:2 was performed under the conditions of a ratio of cake to water of S/L = 1:8 and a temperature of 80 °C for 60 min. After filtration, the cake was washed on a filter at S:L = 1:5, then dried at 100 °C and weighed. The volumes of the filtrate and the rinsing water were measured, and the solutions and cakes were submitted for analysis.



The optimal parameters for leaching with water were a leaching temperature of 80 °C, a duration of 30 min, and a ratio of S/L = 1:8 for the cake, with a ratio of ilmenite to soda of 1:1.5. Under these conditions, the content of chromium oxide in the cake was 0.44%, corresponding to the rutile concentrate standard. The cake composition, by weight percentage, was as follows: 75.5 TiO2, 4.0 Fe2O3, 1.9 MnO2, 0.44 Cr2O3, 0.6 Al2O3, 0.86 SiO2, 0.07 P2O5, and 0.025 SO3. To reduce the chromium oxide, the cake was treated with 15% hydrochloric acid solution at T:L = 1:5, at a temperature of 90 °C for 60 min. The extraction of chromium in the solution was 84.7% and iron was 90%. In terms of oxides from acid leaching was as follows (in wt.%): 76.9 TiO2, 0.096 Cr2O3, 0.13 4.0 Fe2O3, 0.5 MnO2. It corresponds to the standard of titanium slag on chromium oxide.



A processing scheme was made, based on the research performed in this study to process ilmenite concentrate from the Obukhovskoye deposit in the Republic of Kazakhstan, which is presented in Figure 24.



1—bunkers for the constituent components of the charge, 2—a soda ash hopper, 3—conveyors to the loading device of the mixing drying furnaces 4, 5—an ore-thermal furnace, 6 –a mill for grinding cinder, 7—a magnetic separator, 8—a hopper for storing reduced iron and the magnetic fraction, 9—a hopper for the slag non-magnetic fraction, 10—a drum rotary kiln for roasting slag with soda ash, 11—a tank with a mixing device for water or hydrochloric acid leaching of the sinter, 12—a bag filter press, 13—a tank for sodium chromate solution, 14—a hopper for storing the titanium-containing cake, 15—a brine solution tank.





4. Conclusions


Ilmenite concentrates from the Obukhovskoye deposit are currently not being processed at titanium–magnesium plants, due to their high chromium content; however, their processing is relevant for the expansion of titanium raw materials. It is proposed in this paper that reduction smelting of the ilmenite should first be performed, with the separation of the iron and the main part of the chromium into the magnetic fraction in the form of cast iron and the obtaining of titanium with rare-earth metals into the non-magnetic slag fraction. Due to the increased content of chromium in the slag fraction, it is necessary to sinter the non-magnetic fraction with soda, followed by leaching with water to transfer the chromium and impurity components into the solution and the titanium into the cake. It can be seen that during smelting, the amount of REE separated into the non-magnetic fraction was more than 68–70%, making it possible to obtain a concentrate of REE from the non-magnetic fraction. Relevant research will be carried out in the future.



A single-stage smelting mode for the ilmenite concentrate was established: the temperature was raised to 1700 °C with a heating step of 10 °C/min with an argon supply and held for 30 min, followed by cooling to 700 °C in an argon environment.



The optimal parameters for sintering with soda were determined to be a ratio of the non-magnetic fraction to soda of 1:1.5, a temperature of 950 °C, and a holding time of 30 min. It was necessary to first subject the non-magnetic fraction to mechanical activation for 120 min. The optimal parameters for leaching with water were found to be a leaching temperature of 80 °C, a duration of 30 min, and an S/L ratio of 1:8. The aqueous leaching cake was treated with 15% hydrochloric acid solution at S/L ratio of 1:5 and at a temperature of 90 °C for 60 min. Under these conditions, the content of chromium oxide in the cake was 0.096%, corresponding to the standard for titanium slag regarding chromium oxide.
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Figure 1. Preparation of briquettes for smelting at 1700 °C. 
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Figure 2. X-ray diffraction pattern of ilmenite concentrate. 
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Figure 3. SEM-EDS elemental mapping of ilmenite concentrate. 
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Figure 4. Rutile (1) and ilmenite (2). Sample No. 1, ×200. 
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Figure 5. X-ray diffraction pattern of magnetic fraction at 900 °C. 
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Figure 6. X-ray diffraction pattern of the magnetic fraction at 1000 °C. 
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Figure 7. X-ray diffraction pattern of the magnetic fraction at 1100 °C. 
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Figure 8. X-ray diffraction pattern of the magnetic fraction at 1000 °C. 
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Figure 9. X-ray diffraction pattern of non-magnetic fraction at 1000 °C. 
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Figure 10. Image of sample No. 1 of the magnetic fraction, showing ilmenite particles with locations of reduced iron (1), ilmenite (2,3,5), and manganous ilmenite (4). COMPO mode, ×2000. 






Figure 10. Image of sample No. 1 of the magnetic fraction, showing ilmenite particles with locations of reduced iron (1), ilmenite (2,3,5), and manganous ilmenite (4). COMPO mode, ×2000.



[image: Processes 12 01462 g010]







[image: Processes 12 01462 g011] 





Figure 11. Image of sample No. 2 of the magnetic fraction, showing ilmenite particles with localizations of manganous ilmenite (1,4), ilmenite with chromium admixture (2), rutile (3), and ilmenite (5). COMPO mode, ×1300. 
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Figure 12. Image of sample No. 3 of the non-magnetic fraction, showing monazite particles (1,2,3,5) and columbite particles (4). COMPO mode, ×220. 
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Figure 13. Image of sample No. 3 of the magnetic fraction, showing monazite (1) and monazite with sodium inclusions (2). COMPO mode, ×2300. 
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Figure 14. SEM-EDS elemental mapping of the magnetic fraction. 
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Figure 15. Image of sample No. 5 of the non-magnetic fraction, showing particles of ilmenorutile with an admixture of chromium (1) and ilmenite (2). COMPO mode, ×3500. 
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Figure 16. SEM-EDS elemental mapping of the non-magnetic fraction. 
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Figure 17. X-ray diffraction pattern of the initial charge. 
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Figure 18. Iron alloy obtained by smelting at 1700 °C. 
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Figure 19. The dependence of the extraction of chromium and sodium into a solution during the leaching of sinters on the ratio of slag to soda in the initial charge at 25 °C. 
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Figure 20. The dependence of the extraction of chromium and sodium into a solution during the leaching of sinters on the ratio of slag to soda in the initial charge at 50 °C. 
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Figure 21. Dependence of chromium and sodium extraction into a solution on changes in leaching temperature. 






Figure 21. Dependence of chromium and sodium extraction into a solution on changes in leaching temperature.
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Figure 22. Extraction of chromium and sodium into a solution, depending on the duration of leaching. 






Figure 22. Extraction of chromium and sodium into a solution, depending on the duration of leaching.
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Figure 23. Extraction of chromium and sodium into a solution at 50 °C; time—30 min. 






Figure 23. Extraction of chromium and sodium into a solution at 50 °C; time—30 min.
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Figure 24. Scheme of processing ilmenite concentrate from the Obukhovskoye deposit. 
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Table 1. Chemical composition of ilmenite concentrate (wt.%).






Table 1. Chemical composition of ilmenite concentrate (wt.%).





	Name
	TiO2
	FeO
	Fe2O3
	Cr2O5
	Al2O3
	SiO2
	MgO
	MnO2
	P2O5
	SO3
	ΣREE





	Ilmenite

concentrate
	61.6
	3.0
	25.6
	4.1
	1.1
	0.86
	1.5
	1.5
	0.07
	0.03
	0.64










 





Table 2. Particle size distribution of ilmenite concentrate.






Table 2. Particle size distribution of ilmenite concentrate.





	Classes, mm
	Exit, %





	+0.1
	0.14



	−0.1 + 0.071
	61.9



	−0.071 + 0.05
	37.05



	−0.05 + 0.045
	0.62



	−0.045 + 0.0
	0.3



	Total:
	100.0










 





Table 3. Qualitative characteristics of coal coke from the Sary-Arka JSC.






Table 3. Qualitative characteristics of coal coke from the Sary-Arka JSC.





	Indicators
	Designation
	wt.%





	Ash content on a dry basis
	A
	4.3



	Volatile matter
	V
	3.7



	Moisture
	W
	3.0



	Sulfur total
	S
	0.1



	Fixed carbon
	C
	86.2



	Phosphorus
	P
	0.01



	Net calorific value
	Q
	31,400 kJ/kg



	Particle size
	-
	5–25 mm










 





Table 4. Composition of coke ash from Sary-Arka JSC.






Table 4. Composition of coke ash from Sary-Arka JSC.

















	
	Fe2O3
	CaO
	SiO2
	Al2O3
	MgO
	K2O
	Na2O
	SO3
	P2O5





	Ash, wt.%
	9.2
	2.5
	54.3
	25.8
	1.6
	2.5
	1.2
	2.4
	0.5










 





Table 5. Chemical composition of the binder (wt.%).






Table 5. Chemical composition of the binder (wt.%).





	The Binder
	C
	H
	O
	SiO2
	K2O
	Na2O
	MgO
	CaO
	N
	SO3
	P2O5





	Molasses
	38.71
	6.0
	48.0
	0.5
	2.6
	0.02
	1.2
	1.6
	1.3
	0.03
	0.04










 





Table 6. Results of oxidative roasting experiments at 900 °C.






Table 6. Results of oxidative roasting experiments at 900 °C.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Temperature, 900 °C, without soda




	
Briquettes (charge)

	
100

	
50.5

	
100

	
16.59

	
100

	
3.36

	
100




	
Cinder

	
81.87

	
61.7

	
100

	
20.26

	
100

	
4.1

	
100




	
Magnetic fraction

	
88.7

	
69.44

	
99.8

	
2.75

	
86.5

	
4.43

	
95.8




	
Non-magnetic fraction

	
11.3

	
55.48

	
0.2

	
24.1

	
13.5

	
1.51

	
4.2




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 900 °C, 4% soda




	
Briquettes (charge)

	
100

	
48.04

	
100

	
15.77

	
100

	
3.2

	
100




	
Cinder

	
76.8

	
62.55

	
100

	
20.53

	
100

	
4.2

	
100




	
Magnetic fraction

	
90.8

	
46.11

	
92.02

	
19.9

	
88.0

	
4.4

	
96.3




	
Non-magnetic fraction

	
9.2

	
54.2

	
7.98

	
25.0

	
12,0

	
1.67

	
3.7




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 900 °C, 6% soda




	
Briquettes (charge)

	
100

	
46.81

	
100

	
15.36

	
100

	
3.11

	
100




	
Cinder

	
74.7

	
62.7

	
100

	
20.57

	
100

	
4.17

	
100




	
Magnetic fraction

	
90.0

	
63.5

	
91.2

	
20.0

	
92.8

	
4.5

	
96.0




	
Non-magnetic fraction

	
10.0

	
55.0

	
8.8

	
25.6

	
7.2

	
1.65

	
4.0




	
Total:

	
100

	

	
100

	

	
100

	

	
100











 





Table 7. Results of oxidizing experiments at 1000 °C.






Table 7. Results of oxidizing experiments at 1000 °C.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Temperature, 1000 °C, without soda




	
Briquettes (charge)

	
100

	
50.5

	
100

	
16.58

	
100

	
3.36

	
100




	
Cinder

	
79.1

	
63.85

	
100

	
20.96

	
100

	
4.25

	
100




	
Magnetic fraction

	
90.3

	
64.8

	
91.6

	
21.5

	
92.8

	
4.51

	
96.0




	
Non-magnetic fraction

	
9.7

	
55.4

	
8.4

	
15.6

	
7.2

	
1.75

	
4.0




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1000 °C, 4% soda




	
Briquettes (charge)

	
100

	
48.04

	
100

	
15.77

	
100

	
3.2

	
100




	
Cinder

	
90.96

	
52.8

	
100

	
17.33

	
100

	
3.51

	
100




	
Magnetic fraction

	
90.0

	
52.17

	
89.0

	
17.49

	
90.7

	
3.73

	
95.7




	
Non-magnetic fraction

	
10.0

	
58.5

	
11.0

	
15.9

	
9.3

	
1.5

	
4.3




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1000 °C, 6% soda




	
Briquettes (charge)

	
100

	
46.8

	
100

	
15.4

	
100

	
3.1

	
100




	
Cinder

	
78.48

	
59.6

	
100

	
19.6

	
100

	
3.96

	
100




	
Magnetic fraction

	
80.7

	
60.0

	
81.1

	
20.4

	
84.0

	
4.57

	
93.1




	
Non-magnetic fraction

	
19.3

	
58.2

	
18.9

	
16.1

	
16.0

	
1.42

	
6.9




	
Total:

	
100

	

	
100

	

	
100

	

	
100











 





Table 8. Results of oxidizing experiments at 1100 °C.






Table 8. Results of oxidizing experiments at 1100 °C.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Temperature, 1100 °C, without soda




	
Briquettes (charge)

	
100

	
50.5

	
100

	
16.57

	
100

	
3.36

	
100




	
Cinder

	
75.2

	
67.2

	
100

	
22.05

	
100

	
4.47

	
100




	
Magnetic fraction

	
85.3

	
68.9

	
87.0

	
20.8

	
80.3

	
5.07

	
96.8




	
Non-magnetic fraction

	
14.7

	
57.4

	
13.0

	
29.5

	
19.7

	
1.0

	
3.2




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1100 °C, 4% soda




	
Briquettes (charge)

	
100

	
48.05

	
100

	
15.77

	
100

	
3.2

	
100




	
Cinder

	
80.92

	
59.4

	
100

	
19.5

	
100

	
3.95

	
100




	
Magnetic fraction

	
87.6

	
59.8

	
88.2

	
20.2

	
90.9

	
4.3

	
95.8




	
Non-magnetic fraction

	
12.4

	
56.6

	
11.8

	
14.3

	
9.1

	
1.3

	
4.2




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1100 °C, 6% soda




	
Briquettes (charge)

	
100

	
46.81

	
100

	
15.36

	
100

	
3.11

	
100




	
Cinder

	
71.36

	
65.6

	
100

	
21.5

	
100

	
4.36

	
100




	
Magnetic fraction

	
96.4

	
66.1

	
97.3

	
21.86

	
97.9

	
4.5

	
99.0




	
Non-magnetic fraction

	
3.6

	
50.0

	
2.7

	
12.3

	
2.1

	
1.2

	
1.0




	
Total:

	
100

	

	
100

	

	
100

	

	
100











 





Table 9. Results of experiments of reducing roasting at 1000 °C.






Table 9. Results of experiments of reducing roasting at 1000 °C.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Temperature, 1000 °C, without soda




	
Briquettes (charge)

	
100

	
50.5

	
100

	
16.58

	
100

	
3.36

	
100




	
Cinder

	
94.1

	
53.65

	
100

	
17.61

	
100

	
3.57

	
100




	
Magnetic fraction

	
64.14

	
50.4

	
60.3

	
23.4

	
85.1

	
4.3

	
77.2




	
Non-magnetic fraction

	
35.86

	
59.5

	
39.7

	
7.3

	
14.9

	
2.3

	
22.8




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1000 °C, 4% soda




	
Briquettes (charge)

	
100

	
48.05

	
100

	
15.8

	
100

	
3.2

	
100




	
Cinder

	
93.36

	
51.5

	
100

	
16.9

	
100

	
3.4

	
100




	
Magnetic fraction

	
69.9

	
48.3

	
65.5

	
17.9

	
74.1

	
3.7

	
75.1




	
Non-magnetic fraction

	
30.1

	
58.9

	
34.5

	
14.5

	
25.9

	
2.8

	
24.9




	
Total:

	
100

	

	
100

	

	
100

	

	
100




	
Temperature, 1000 °C, 6% soda




	
Briquettes (charge)

	
100

	
46.8

	
100

	
23.86

	
100

	
3.1

	
100




	
Cinder

	
93.8

	
49.9

	
100

	
25.4

	
100

	
3.3

	
100




	
Magnetic fraction

	
69.68

	
46.7

	
65.2

	
31.55

	
86.4

	
4.3

	
91.0




	
Non-magnetic fraction

	
30.32

	
57.3

	
34.8

	
11.41

	
13.6

	
0.98

	
9.0




	
Total:

	
100

	

	
100

	

	
100

	

	
100











 





Table 10. Results of reduction smelting and the magnetic separation of cinder.






Table 10. Results of reduction smelting and the magnetic separation of cinder.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3

	
ΣREE




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Charge

	
100

	
47.4

	
100

	
15.57

	
100

	
3.2

	
100

	
0.46

	
100




	
Cinder

	
69.3

	
68.5

	
100

	
22.5

	
100

	
4.56

	
100

	
0.66

	
100




	
Magnetic fraction

	
43.0

	
67.6

	
78.4

	
26.1

	
92.1

	
5.22

	
91.0

	
0.43

	
28.0




	
Non-magnetic fraction

	
57.0

	
71.96

	
21.6

	
8.65

	
7.9

	
1.99

	
9.0

	
0.84

	
72.0




	
Total:

	
100

	

	
100

	

	
100

	

	
100

	

	
100











 





Table 11. Results of the reduction smelting and magnetic separation of cinder.






Table 11. Results of the reduction smelting and magnetic separation of cinder.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Cr2O3




	
Content, %

	
ε, %

	
Content, %

	
ε, %

	
Content, %

	
ε, %






	
Briquette (charge)

	
100

	
53.95

	
100

	
17.71

	
100

	
3.6

	
100




	
Cinder

	
77.85

	
69.3

	
100

	
22.75

	
100

	
4.61

	
100




	
Magnetic fraction

	
80.5

	
65.45

	
76.0

	
25.99

	
92.0

	
3.71

	
90.5




	
Non-magnetic fraction

	
19.5

	
85.04

	
24.0

	
9.34

	
8.0

	
2.25

	
9.5




	
Total:

	
100

	

	
100

	

	
100

	

	
100











 





Table 12. Results of reduction smelting at 1700 °C.






Table 12. Results of reduction smelting at 1700 °C.





	
Name of the Product

	
Exit, %

	
TiO2

	
Fetotal

	
Femetall

	
Cr2O3

	
ΣREE




	
Content., %

	
ε, %

	
Content., %

	
ε, %

	
Content., %

	
Content., %

	
ε, %

	
Content., %

	
ε, %






	
Briquette (charge)

	
100

	
55.52

	
100

	
23.34

	
100

	

	

	
3.2

	
100

	
0.18




	
Cinder

	
85.23

	
65.2

	
100

	
27.4

	
100

	

	

	
3.87

	
100

	
0.2




	
Metall fraction

	
8.7

	
1.4

	
0.2

	
-

	
-

	
95.74

	
43.16

	
0.17

	
0.4

	
-




	
The magnetic fraction

	
51.3

	
55.2

	
50.6

	
25.05

	
46.95

	

	

	
6.76

	
89.6

	
0.15




	
Non-magnetic fraction

	
40.0

	
80.2

	
49.2

	
6.77

	
9.89

	

	

	
0.96

	
10.0

	
0.36




	
Total:

	
100

	

	
100

	

	
100

	

	

	

	
100
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