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Abstract

:

Concentrating the chromium in chromium slag and improving the chromium–iron ratio is beneficial for the further utilization of chromium slag. In this paper, chromium slag obtained from a chromite lime-free roasting plant was used as the raw material. Pellets made of the chromium slag and pulverized coal were reduced at different pre-reduction temperatures and then separated by a melting separation process or magnetic separation process, respectively. The mass and composition of the metallized pellets before separation, along with the alloy and tail slag after separation, were comprehensively analyzed. The experimental results showed that the output yield of alloy, iron recovery rate, and chromium content in the alloy were all higher when using melting separation than when using magnetic separation, because of the further reduction during the melting stage. More importantly, a relatively low pre-reduction temperature and selection of magnetic separation process were found to be more beneficial for chromium enrichment in slag; the highest chromium–iron ratio in tail slag can reach 2.88.
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1. Introduction


Chromium has been widely applied in many industrial processes, such as leather tanning, electroplating, and mineral extraction. It is also an important ingredient in protective coatings, especially for stainless steel.



Chromium slag is the waste residue generated by the industrial process of extracting chromium (Cr) from chromite ore. Due to different needs for chromite quality in the target product, the extraction processes for chromium (Cr) are also different, leading to diverse compositions and properties for chromium slag [1,2,3]. Chromium salt manufacturing is a typical extraction process, which takes chromite, sodium carbonate, and dolomite as raw materials. After high-temperature oxidation roasting, chromium oxides are transformed into water-soluble sodium chromate, and the remaining tailings become chromium slag after water leaching [4,5]. However, about 10% of the chromium remains in the chromium slag and contains water-soluble, migratory, and carcinogenic Cr6+, which is harmful to the environment [6,7,8]. If it is not recycled or reused, not only are resources wasted, but serious pollution of the environment results, which will have a serious impact on the health of the surrounding residents because of the toxic Cr6+ content of the slag [9,10,11]. At present, the treatment method for chromium slag is mostly landfill after reduction or solidification, but there are still potential environmental hazards and resource waste to consider [12]. Thus, it is valuable to explore further treatment methods for chromium slag.



According to the flux used in the roasting process, the chromium salt manufacturing process can be divided into the lime-based roasting process and the lime-free roasting process [13]. The chromium slag used in this research was obtained from a chromite lime-free roasting plant. The main components of the lime-free roasting slag are iron oxide and chromite oxide. Based on the chemical composition characteristics of the lime-free roasting slag, the recovery and utilization methods for metallic elements mainly include the hydrometallurgical method and pyrometallurgical method. The hydrometallurgical extraction method generally uses highly corrosive acids as extractants, such as sulfuric acid and hydrochloric acid, to achieve the transfer of metallic elements from the chromium slag to the liquid phase [14]. However, the selectivity of the acid-leaching process is poor, because there is no difference in the recovery of various metallic elements from the slag. A lot of subsequent separation steps need to be added to achieve real recycling [15]. In addition, efficient and low-cost treatment of the waste acids is also a problem.



The advantage of pyrometallurgical extraction lies in its excellent selectivity. By adding the reducing agent and slagging agent and adjusting the processing temperature and operating pressure, it can achieve the selective recovery of different metallic elements. The principal elements in chromium slag are iron and chromium. Reduction by the proper amount of carbon can convert toxic Cr6+ into nontoxic chromium oxides, such as CrO and Cr2O3; meanwhile, the iron oxide can be reduced partly to metallic iron [16,17,18]. After the reduction treatment, the metallic iron can be separated from the chromium slag by the melting separation method or magnetic separation method because of the magnetic difference between the metal and slag [19,20,21,22]. According to extensive experimental research and productive practices, the higher the ratio of chromium to iron (Cr/Fe) in slag, the higher the economic value of the slag. In reality, only when the mass ratio of chromium to iron (Cr/Fe) in the slag is greater than 2.0 can the slag meet the requirements for further use, which is mainly the production of ferrochromium. [23]



In order to improve the mass ratio of chromium to iron (Cr/Fe) in slag, it is necessary to extract iron from chromium slag and retain chromium in chromium slag. Compared with other synthesis techniques, carbothermal reduction is the most widely used method because of its low cost and simple process. From thermodynamic data on the reduction reactions of iron oxides and chromium oxides, as shown in Table 1 [24], it is clear that iron oxides can be more easily reduced by carbon than chromium oxide. The starting temperature of chromium oxide (Cr2O3) reduction is 1521.0 K, which is much higher than the reduction temperature of iron oxide, which is only 994.9 K. Thus, it is practicable to control the extraction of iron and the retention of chromium by adjusting the reduction temperature.



However, after the controllable reduction, the reaction products need to be separated into the metallic alloy and non-metallic slag. Melting separation and magnetic separation are the most widely applied and mature separation processes. Selection of the separation process also has a significant impact on the yield and composition of the final product.



In this paper, chromium slag obtained by chromite lime-free roasting was used as the raw material, and the experimental processes of pre-reduction, followed by melting/magnetic separation, were adopted to deal with the chromium slag. The main purpose of this paper was to investigate the chromium enrichment characteristics of chromium slag under different pre-reduction temperatures and different separation processes, with the aim of achieving a higher mass ratio of chromium to iron (Cr/Fe) in the final tail slag.




2. Experiment


2.1. Raw Materials


As mentioned above, the chromium slag was obtained from a chromite lime-free roasting plant. As the key raw material of the experiment, it was necessary to obtain the specific composition of the chromium slag. The slag was ground to a particle size of less than 0.074 mm first; then, the powder slag was sent to National Analysis Center for Iron and Steel China for accurate composition analysis. T.Fe, T.Cr, Al2O3, MgO, CaO, and SiO2 were clearly identified for analysis. The T.Fe and T.Cr contents were detected by oxidation–reduction titration method, and the Al2O3, MgO, CaO, and SiO2 content were detected by wavelength dispersive X-ray fluorescence spectrometry method. The composition of the dry chromium slag used in the experiment is shown in Table 2. The T.Fe content and T.Cr content were relatively high, indicating resource utilization potential. Considering that the chromite was roasted in an oxidizing atmosphere, it was assumed that the iron in the slag existed in the form of Fe2O3, and the chromium in the slag existed in the form of Cr2O3. The Al2O3 content, MgO content, and SiO2 content in the chromium slag were similar, while the CaO content was quite low, which is a typical feature of the chromite lime-free roasting process. In addition, it should be noted that the total content of the above components did not reach 100%. Apart from the above components, chromium slag also contains a small amount of natrium salt, titanium oxide, phosphorus oxide, and other gangue minerals. It may even include crystal water that has not been completely removed during drying. Due to their small effect on the chromium enrichment characteristics, quantitative analysis of these components was not performed.



In addition to the chromium slag, another main raw material of the experiment was pulverized coal, which played the role of reducing agent. Before analyzing the composition, the pulverized coal was ground to a particle size of less than 0.074 mm, the same as the chromium slag. Proximate analysis of the pulverized coal showed that the fixed carbon content was 85.66 wt.%, the volatile content was 1.59 wt.%, and the ash content was 12.13 wt.%.



In this research, an analytically pure SiO2 reagent was used to adjust the basicity of the pellets. The SiO2 content in the analytical reagent was more than 99.5 wt.%.




2.2. Experimental Schemes


In order to reveal the reduction and separation behaviors of chromium and iron in slag, four experiments with different pre-reduction temperatures and different separation processes were designed and carried out in this research, as shown in Table 3. Choosing 1373 K and 1523 K as the pre-reduction temperatures were mainly based on the experiment results of Cheng G et al. [25], who found that 1373 K was the optimal reduction temperature for reducing iron from slag under their experimental conditions.



Experiment NO. 1 was pre-reduced at 1373 K, followed by a melting separation step, whose separation temperature was 1853 K, with a separation processing time of 60 min. Experiment NO. 2 was pre-reduced at 1523 K, followed by a melting separation step, whose separation temperature was also 1853K, and the separation processing time was 60 min. Experiment NO. 3 was pre-reduced at 1373 K, followed by a magnetic separation step. Experiment NO. 4 was pre-reduced at 1523 K, followed by a magnetic separation step. Uniformly, the pre-reduction time was 45 min for all experiments. In order to reduce the experimental error, each group experiment was repeated three times.



Generally, the melting point of the slag has a major influence on the separation of the alloy and slag during the melting separation process. Low-melting-point slag is beneficial for the separation of the metallic alloy from the tail slag. In order to figure out the appropriate slag composition, the MgO–SiO2–Al2O3 phase diagram was calculated and is shown in Figure 1. The phase diagram was calculated and drawn by the thermodynamic software FactSage 7.2, which is developed by Thermfact/CRCT (Montreal, Canada) and GTT-Technologies (Aachen, Gemany). During the phase diagram calculation, the selected database was FToxide, and the operating pressure was 101,325 Pa. The isotherm lines from 1650 K to 2000 K were plotted in the phase diagram with an interval of 50 K. The calculated phase diagram was compared with the slag atlas [26] and was validated by it. According to the phase diagram of MgO–SiO2–Al2O3 in Figure 1, the slag composition in the low-melting-point area was around mSiO2:mAl2O3:mMgO ≈ 6:2:2, while the initial slag composition shown in Table 2 was mSiO2:mAl2O3:mMgO ≈ 1:1:1. In order to obtain the target slag composition (mSiO2:(mAl2O3 + mMgO) = 6:4) with a low melting point, 18.38 g SiO2 should be added to every 100 g of chromium slag. As a result, when the melting separation method was adopted, the basicity of the slag ((mCaO + mMgO)/mSiO2) was reduced to 0.36 from the initial value of 0.99 due to the addition of SiO2. Because the melting properties of the slag have little effect on the magnetic separation process, there is no need to add SiO2 into the pellets when using the magnetic separation method, whose basicity remains at the initial value of 0.99.



As pulverized coal is the reducing agent of chromium slag, its addition amount in the pellets is very important for reduction reactions. Since the chromium slag came from a chromate roasting process, which was in an oxidizing atmosphere, it was assumed that the iron and chromium in the chromium slag would exist in the form of Fe2O3 and Cr2O3 when they took part in the carbothermal reduction reaction and that the gaseous product of the reduction reaction would be CO. The concentration of the added carbon powder was expressed as the mole ratio of carbon to reducible oxygen (nC/nO), instead of mass %, in order to meaningfully represent the significance of the carbon addition. In the (nC/nO) value, reducible oxygen (O) is the total amount of oxygen present in the form of Fe2O3, while excluding the oxygen in Cr2O3. The reason for excluding the oxygen in Cr2O3 was that the purpose of this research was to reduce the iron and retain the chromium as much as possible. In order to ensure that the iron oxide was fully reduced, the addition of coal needed to be in excess, and the carbon–oxygen ratio of the experiment was nC/nO = 1.1.




2.3. Experimental Procedures and Devices


The experimental procedures are shown in Figure 2, including grinding, batching, briquetting, pre-reduction, and separation. Details of every procedure are described in combination with the relevant devices. The main devices used in the experiment were a grinder, mixer, presser, muffle furnace, and magnetic separator, as shown in Figure 3.



2.3.1. Grinding


As mentioned above, both the chromium slag and the pulverized coal were ground to a particle size of less than 0.074 mm first, not only for the composition analysis, but also for the subsequent batching. Crushing and grinding of the raw materials were performed in a grinder, as shown in Figure 3A. The grinder was suitable for the preparation of powdered samples of coal, ore, slag, and other raw materials. After the motor started, the eccentric block was driven to rotate at high speed to drive the exciting platform to generate the exciting vibration. After loading the material into the material bowl, the material collided with the crushing rod and the crushing ring in the material bowl strongly, then was crushed into very fine grains. After grinding, the ground powder was sieved with a 200-mesh sieve. If the particle size did not meet the requirements, the grinding time was prolonged.




2.3.2. Batching and Mixing


The ground chromium slag, pulverized coal, and silica were weighed and mixed in specific proportions corresponding to the respective experimental schemes. In order to achieve uniform mixing, each material was put into a 3-dimensional motion mixer, as shown in Figure 3B. During the mixing operation, various materials were well mixed due to the multi-directional rotation of the mixing tank, while avoiding the stratification phenomenon caused by gravity in general mixers.




2.3.3. Briquetting and Drying


Each group’s well-mixed raw material was put into the presser for briquetting. The presser (Figure 3C) compacts powder samples. It can press granular material into tablets or granules. It is suitable for pressing tablets, catalysts, and metal powders in the laboratory. By manually pressing the lever, the oil can be pressed from the oil pool into the cylinder below the mold. The one-way valve prevents the oil from returning to the oil pool, so the high pressure of the oil cylinder can be maintained, and the maximum pressure is 60 MPa. The powder materials in the mold were molded by high pressure, and the molded pellets were obtained after demolding. The obtained pellets had an approximate diameter of 20 mm and mass of 10 g.



Before the pre-reduction step, the pellets were dried at 378 K for 4 h in an oven.




2.3.4. Pre-Reduction


Pre-reduction of the pellets was carried out in a muffle furnace, as shown in Figure 3D. This is a high-temperature resistance furnace with a maximum temperature of 1873 K. The furnace temperature was measured by a double platinum-rhodium thermocouple and controlled by the program. According to the experimental scheme, pre-reduction temperatures of 1373 K (Experiment NO. 1 and NO. 3) and 1523 K (Experiment NO. 2 and NO. 4) were used. When the muffle furnace reached the required temperature (1373 K or 1523 K), the graphite crucible containing the pellets was put into the furnace. Then, 45 min after the reduction, the graphite crucible was taken out and the pellets were covered by another graphite crucible to prevent oxidation. The cooled metallized pellets were used in subsequent experiments for melting separation or magnetic separation.




2.3.5. Melting Separation


The temperature of the muffle furnace was raised to 1853 K, and then the crucible containing the metallized pellets was put into the furnace. The temperature was maintained at 1853 K for 60 min, and then the crucible containing the sample was removed from the furnace and covered by a graphite plate to prevent oxidation during cooling. After the sample was cooled, the bulk alloy was separated from the slag, and then the slag and alloy were sent for chemical analysis.




2.3.6. Magnetic Separation


Magnetic separation was carried out with a magnetic separator, as shown in Figure 3E. The magnetic separator can generate a strong magnetic field at the middle position of the magnetic separator tube, and the maximum magnetic field intensity is 500 mT. Metallized pellets obtained by pre-reduction were ground to a particle size of less than 0.148 mm. Then, the powder was mixed into water and stirred, before being passed through the magnetic separation tube with a magnetic field intensity of 200 mT, so that the magnetic powder remained in the magnetic field in the magnetic separator tube, and the non-magnetic slag passed through the tube with the water. After all of the mixture of water and powder had been poured into the magnetic separation tube, water continued to be poured into the tube until the flowing water became clear. Then, the magnetism of the magnetic separator was switched off, and the alloy in the magnetic separation tube was flushed with water into another container until the magnetic separation tube was clean. The sample of tail slag was filtered, and the residue on the filter paper was collected and dried for 4 h to obtain dry tail slag; dry alloy powder was obtained in the same way. Finally, the dry tail slag and dry alloy powder were sent for chemical analysis.






3. Results and Discussion


After finishing the experiments, the metal distribution between the slag and the alloy, the metal recovery rate, and the mass ratio of chromium to iron (Cr/Fe) in final tail slag were compared in detail. Based on the experimental results, the proper process route and technological parameters for the recovery of chromium slag were explored.



Table 4 shows the weight and composition of the metallized pellets before separation, together with the alloy and tail slag after separation. Through pre-reduction and melting/magnetic separation, iron and chromium are distributed both in the alloy and in the tail slag. The multiple indicators, such as the output yield of alloy, the distribution ratio of metals (iron and chromium) in the slag and alloy, the recovery rate of metals (iron and chromium), and the mass ratio of chromium to iron (Cr/Fe) in the slag and alloy, can quantitatively express the effect of the process route and technological parameters on the chromium enrichment characteristics.



3.1. Output Yield of Alloy


The output yield of alloy is defined as φ.


φ = ma/m0 × 100%



(1)




where ma is the mass of the obtained alloy, in g, and m0 is the mass of the metallized pellets before separation, in g.



Previous research showed that the addition of a reducing agent had a dominant effect on the output of alloy with sufficient time and at an appropriate temperature [27,28]. As shown in Figure 4, the magnetic separation processes at different reduction temperatures have almost the same alloy output yield. However, the output of alloy from the melting separation process is significantly higher than that of the magnetic separation process. Because the melting process was carried out in the graphite crucible, the residual iron oxides and chromium oxides in the metallized pellets continued to be reduced by graphite during melting separation, and more alloy could be obtained [29,30]. Other oxide crucibles, such as alumina, magnesium oxide, zirconia, etc., would be rapidly eroded, and the slag composition would change at a melting temperature of 1853 K.



Comparing the experimental results with different pre-reduction temperatures, it should be noted that the alloy output yield at higher temperatures (1523 K) was relatively lower, especially for the melting separation process, although the thermodynamic theoretical analysis showed that the higher the temperature, the more iron oxide would be reduced [31]. However, many previous studies have found that the low-melting-point phases in the pellet will melt during pre-reduction, which decreases the permeability of the pellets and hinders the reduction reaction. As a result, the metallization rate of the pellets is relatively lower at higher temperatures [32]. According to the FeO–SiO2 phase diagram in Figure 5, FeO and SiO2 in slag easily form low-melting-point composite oxides, with a melting temperature of only 1451 K. As mentioned above, in Experiment NO. 2, SiO2 was added to reduce the slag melting point to achieve a better melting separation, so the inhibition effect of a low-melting-point material on the reduction was more significant than that in Experiment NO. 4. Noting this, the FeO–SiO2 phase diagram was calculated and drawn by the thermodynamic software FactSage 7.2. During the phase diagram calculation, the selected database was FToxide, and the operating pressure was 101,325 Pa.




3.2. Iron Recovery Rate


In order to further study the transfer behaviors of iron during the processes of pre-reduction and melting/magnetic separation, the distribution of iron in the slag and alloy was assessed. The distribution ratio of iron between the slag and alloy is defined as LFe.


LFe = (% Fe)s/(% Fe)a



(2)




where (% Fe)s is the iron content in the slag after separation and (% Fe)a is the iron content in the alloy after separation, both measured as wt.%.



Figure 6 shows the distribution ratios of iron (LFe) obtained by all four group experiments. Firstly, no matter whether melting separation or magnetic separation was used, the distribution ratio of iron at higher pre-reduction temperatures was larger. Specifically, for the melting separation process, when the pre-reduction temperature increased from 1373 K to 1523 K, the average distribution ratio of iron between the slag and alloy increased from 0.21 to 0.33. For the magnetic separation process, when the pre-reduction temperature increased from 1373 K to 1523 K, the average distribution ratio of iron increased from 0.14 to 0.25. The main reason for the above phenomenon is the formation of a low-melting-point phase. Generally, the iron oxide is mainly reduced by CO in the pellets [33,34] and the melting of the low-melting-point phase will deteriorate the permeability of the pellets, thereby hindering the reduction of iron oxides, and thus more iron remains in the slag.



Another major concern is that, when the pre-reduction temperature is the same, the distribution ratio of iron after melting separation is significantly higher than that after magnetic separation. The reduction of chromium at melting temperature can explain these results. The reduction of chromium mainly occurs in the melting separation process, while the reduction of iron mainly occurs in the pre-reduction process. Compared with the magnetic separation process, much more metallic chromium is reduced into the alloy during melting separation, leading to the decrease in iron content in the alloy, and the increase in the iron distribution ratio between the slag and alloy.



Besides the distribution ratio, the recovery rate of iron is also an important indicator. The recovery rate of iron is defined as RFe in this paper.


   R  F e    =     m a  ·    (  %   F e  )   a       m 0  ·    (  %   F e  )   0     ×   100 %   



(3)




where ma is the mass of obtained alloy, in g; (% Fe)a is the iron content of obtained alloy, in wt.%; m0 is the mass of metallized pellets before separation, in g; and (% Fe)0 is the iron content of the metallized pellets before separation, in wt.%.



Figure 7 shows the recovery rates of iron (RFe) obtained by all four group experiments. The recovery rate of iron after melting separation is higher than that after magnetic separation. The results validate that the reduction of iron oxide is continuously occurring in the melting stage, leading to more iron being recovered from the slag compared to the alloy and higher recovery rate of iron. In addition, it can be seen from Figure 7 that the recovery rate of iron is relatively low at higher temperatures; the reason for this is also the melting of the low-melting-point phase, as mentioned above.




3.3. Chromium Recovery Rate


The distribution ratio of chromium between the slag and alloy is defined as LCr, which is similar to the definition of the iron distribution ratio.


LCr = (% Cr)s/(% Cr)a



(4)




where (% Cr)s is the chromium content in the tail slag after separation and (% Cr)a is the chromium content in the alloy after separation, both measured as wt.%.



Because the purpose of this research was to enrich chromium in slag, the recovery rate of chromium was defined as the ratio of the mass of chromium in the tail slag to the mass of chromium in the metallized pellets, which is different from the definition of the iron recovery rate.


   R  C r    =       m s  ·    (  %   C r  )   s       m 0  ·    (  %   C r  )   0     ×   100 %   



(5)




where RCr is the recovery rate of chromium, in %; ms is the mass of the tail slag after separation, in g; (% Cr)s is the chromium content of the tail slag after separation, in wt.%; m0 is the mass of the metallized pellets before separation, in g; and (% Cr)0 is the chromium content of the metallized pellets before separation, in wt.%.



As shown in Figure 8 and Figure 9, the distribution ratio of chromium between the slag and alloy (LCr) after the melting separation process was far lower than that after the magnetic separation process, while the recovery rate of chromium was also significantly lower than that after the magnetic separation process, which is different from iron. In the process of magnetic separation, only strong magnetic materials, such as metallic iron and magnetite, can be retained in the magnetic field in the magnetic separation tube, while other diamagnetic or paramagnetic materials, such as slag and residual carbon, will remain with the tail slag in the flowing water [35]. According to previously published research [36,37,38], chromium cannot be significantly reduced into metal at a temperature of 1373–1573 K, and the products obtained from magnetic separation contain almost no chromium; that is, (% Cr)a is very low and (% Cr)s is high, making LCr in the magnetic separation process higher. As shown in Figure 9, the chromium recovery rates in Experiment NO. 3 and Experiment NO. 4 were close to 100%, indicating that chromium rarely enters the alloy, and almost all remains in the tail slag.



According to Figure 8 and Figure 9, the pre-reduction temperature has little effect on the chromium distribution ratio and the chromium recovery rate in the case of melting separation. The reason for this is that reduction of chromium occurs mainly during the melting separation stage, rather than during pre-reduction. However, in the case of magnetic separation, the effect of the pre-reduction temperature is different. Although the pre-reduction temperature has little effect on the chromium recovery rate, it has an obvious effect on the chromium distribution ratio. The phenomenon can be explained by the experimental data from Table 4. For Experiment NO. 3, the average mass of alloy ma obtained by magnetic separation was 3.70 g, and the average chromium content in the alloy (% Cr)a was 1.27%. For Experiment NO. 4, the average mass of alloy ma was 3.63 g, and the average chromium content in the alloy (% Cr)a was 2.74%. Both the mass of the alloy and the chromium content in the alloy were very small, indicating that little chromium was reduced from the slag to the alloy; most of the chromium remained in the tail slag, so the recovery rate of chromium was very high and the difference was not obvious. The distribution ratio of chromium LCr is the ratio between the chromium content in the slag (% Cr)s and chromium content in the alloy (% Cr)a. Since (% Cr)s was basically unchanged, the (% Cr)a increased from 1.27% to 2.74%, leading the chromium distribution ratio LCr to decrease obviously, as shown in Figure 8. This also illustrates that, as the pre-reduction temperature increases, the reduction of chromium increases slightly in the case of magnetic separation.




3.4. Chromium–Iron Ratio in the Tail Slag (Cr/Fe)


As mentioned above, utilization of chromium slag requires that the chromium–iron ratio (Cr/Fe) in the tail slag is higher than 2.0. The main purpose of this research was to understand the process to achieve that ratio. The Cr/Fe ratio of the metallized pellets after pre-reduction was almost 1.2, as shown in Figure 10, which is the same as the initial raw material, according to Table 2. The Cr/Fe ratio in the alloy obtained by melting separation was obviously higher than that from magnetic separation, which is mainly due to the large amount of chromium reduced by carbon during the melting stage at 1853 K. However, the Cr/Fe ratio in the tail slag obtained by melting separation was lower than that obtained by magnetic separation. According to Table 4, Figure 8 and Figure 9, chromium mainly exists in the tail slag, and the chromium content in the tail slag changes little, although the iron content in the tail slag changes significantly.



The experimental results showed that both the melting separation and magnetic separation processes can improve the Cr/Fe ratio in tail slag. The Cr/Fe ratio in the final tail slag after the pre-reduction and separation processes decreased in the order of Experiment NO. 3, NO. 4, NO. 1, and NO. 2. Importantly, the chromium–iron ratio in the tail slag obtained by Experiment NO. 3 achieved the goal of chromium enrichment. The average Cr/Fe ratio of 2.88 was significantly higher than the critical value of 2.0.





4. Conclusions


In order to increase the chromium–iron ratio in the chromium slag generated by the chromite lime-free roasting process, carbothermal reduction, followed by the melting/magnetic separation process, was adopted and studied in this research. Experiments with different pre-reduction temperatures and different separation methods were carried out to investigate the specific distribution behaviors of iron and chromium between the metallic alloy and tail slag. The main conclusions are as follows:




	(1)

	
No matter whether melting separation or magnetic separation was selected, when the pre-reduction temperature increased from 1373 K to 1523 K, both the output yield of the alloy and the recovery rate of iron decreased. The analysis indicated that the melting of the low-melting-point phase decreased the permeability of the pellets and slowed down the reduction reaction. With the increase in the pre-reduction temperature, the amount of the molten phase increased and the reduction rate decreased.




	(2)

	
During the melting separation stage, because the processing temperature was higher than the reduction temperature of the iron oxides and chromium oxide, the reduction of iron further occurred and the chromium started to gradually reduce in the alloy. As a result, when the melting separation method was adopted, the output yield of the alloy, the chromium content in the alloy, and the iron recovery rate were all higher than when using magnetic separation. The melting separation process aggravated the transfer of chromium from the slag to alloy.




	(3)

	
The main purpose of this research was to increase the chromium–iron ratio in slag to more than 2.0 through a proper pre-reduction and separation process. Among the four experiments carried out, pre-reduction at 1373 K followed by magnetic separation obtained the highest chromium–iron ratio of 2.88 in the final tail slag. Simultaneously, the average recovery rate of chromium was as high as 99.55%, which met our requirements. The results indicated that a relatively low pre-reduction temperature and the magnetic separation method are beneficial for chromium enrichment in final tail slag.













Author Contributions


Conceptualization, S.H. and D.W.; methodology, S.H. and X.L.; software, W.Z.; formal analysis, T.Q.; investigation, T.Q.; writing—original draft preparation, S.H.; writing—review and editing, S.H. and X.L.; visualization, W.Z.; project administration, Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of Jiangsu Province, grant number BK20200869, and the China Postdoctoral Science Foundation, grant number 7114484320.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nakasuga, T.; Nakashima, K.; Mori, K. Recovery Rate of Chromium from Stainless Slag by Iron Melts. ISIJ Int. 2004, 44, 665–672. [Google Scholar] [CrossRef]

	



Yuan, F.; Zhang, H.-N.; Li, H.; Dong, J.-H.; Xiong, H.-H.; Xu, A.-J. Recovery rates of iron, nickel, and chromium via iron-bath reduction of stainless steel dust briquettes based on corundum crucible erosion balance analysis. J. Iron Steel Res. Int. 2018, 25, 320–329. [Google Scholar] [CrossRef]

	



Mao, L.; Cui, H.; Miao, C.; An, H.; Zhai, J.; Li, Q. Preparation of MgCr2O4 from waste tannery solution and effect of sulfate, chloride, and calcium on leachability of chromium. J. Mater. Cycles Waste Manag. 2016, 18, 573–581. [Google Scholar] [CrossRef]

	



Wang, T.; He, M.; Pan, Q. A new method for the treatment of chromite ore processing residues. J. Hazard. Mater. 2007, 149, 440–444. [Google Scholar] [CrossRef]

	



Li, X.B.; Qi, T.G.; Peng, Z.H.; Liu, G.H.; Zhou, Q.S. Kinetics of chromite ore in oxidation roasting process. Chin. J. Nonferrous Met. 2010, 20, 1822–1828. [Google Scholar]

	



Matern, K.; Kletti, H.; Mansfeldt, T. Chemical and mineralogical characterization of chromite ore processing residue from two recent Indian disposal sites. Chemosphere 2016, 155, 188–195. [Google Scholar] [CrossRef] [PubMed]

	



Deakin, D.; West, L.; Stewart, D.; Yardley, B. The Leaching Characteristics of Chromite ore Processing Residue. Environ. Geochem. Health 2001, 23, 201–206. [Google Scholar] [CrossRef]

	



Thompson, C.M.; Kirman, C.R.; Proctor, D.M.; Haws, L.C.; Suh, M.; Hays, S.M.; Hixon, J.G.; Harris, M.A. A chronic oral reference dose for hexavalent chromium-induced intestinal cancer. J. Appl. Toxicol. 2014, 34, 525–536. [Google Scholar] [CrossRef] [PubMed]

	



Hori, M.; Shozugawa, K.; Matsuo, M. Hexavalent chromium pollution caused by dumped chromium slag at the urban park in Tokyo. J. Mater. Cycles Waste Manag. 2014, 17, 201–205. [Google Scholar] [CrossRef]

	



El Nemr, A.; Khaled, A.; Abdelwahab, O.; El-Sikaily, A. Treatment of wastewater containing toxic chromium using new activated carbon developed from date palm seed. J. Hazard. Mater. 2008, 152, 263–275. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Li, J.; Zeng, Y.; Wang, Z. Toxicity assessment and geochemical model of chromium leaching from AOD slag. Chemosphere 2016, 144, 2052–2057. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Chen, Z.; Shen, J.; Wang, B.; Fan, L. The enhancement effect of pre reduction using zero-valent iron on the solidification of chromite ore processing residue by blast furnace slag and calcium hydroxide. Chemosphere 2015, 134, 159–165. [Google Scholar] [CrossRef] [PubMed]

	



Burke, T.; Fagliano, J.; Goldoft, M.; Hazen, R.E.; Iglewicz, R.; McKee, T. Chromite ore processing residue in Hudson County, New Jersey. Environ. Health Perspect. 1991, 92, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Tinjum, J.M.; Benson, C.H.; Edil, T.B. Mobilization of Cr(VI) from chromite ore processing residue through acid treatment. Sci. Total Environ. 2008, 391, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zheng, S.L.; Hao, D.U.; Xu, H.B.; Zhang, Y. Effect of mechanical activation on alkali leaching of chromite ore. Trans. Nonferrous Met. Soc. China 2010, 20, 888–891. [Google Scholar] [CrossRef]

	



Gutiérrez Paredes, J.; Romero-Serrano, A.; Plascencia-Barrera, G.; Vargas-Ramírez, M.; Zeifert, B.; Arredondo-Torres, V. Chromium oxide reduction from slag by silicon and magnesium. Steel Res. Int. 2005, 76, 764–768. [Google Scholar] [CrossRef]

	



Thacker, U.; Madamwar, D. Reduction of Toxic Chromium and Partial Localization of Chromium Reductase Activity in Bacterial Isolate DM1. World J. Microbiol. Biotechnol. 2005, 21, 891–899. [Google Scholar] [CrossRef]

	



Murugaiyan, V.; Sehar, T.; Selvaraj, S.; Selvaraj, P.K. Complete Reduction of Hazardous Cr(VI) in Chromium Ore Processing Residue Dump Site. Asian J. Chem. 2018, 30, 620–624. [Google Scholar] [CrossRef]

	



Tang, J.; Chu, M.; Feng, C.; Li, F.; Tang, Y.; Liu, Z. Melting Separation Process of High Chromium Vanadium-bearing Titanomagnetite Metallized Pellet and its Optimization by Multi-Index Synthetic Weighted Scoring Method. ISIJ Int. 2017, 57, 1156–1165. [Google Scholar] [CrossRef]

	



Tang, J.; Chu, M.; Feng, C.; Tang, Y.; Liu, Z. Melting separation behavior and mechanism of high-chromium vanadium–bearing titanomagnetite metallized pellet got from gas-based direct reduction. ISIJ Int. 2016, 56, 210–219. [Google Scholar] [CrossRef]

	



Nasr, M.; Youssef, M. Optimization of magnetizing reduction and magnetic separation of iron ores by experimental design. ISIJ Int. 2007, 36, 631–639. [Google Scholar] [CrossRef]

	



Long, H.M.; Meng, Q.M.; Wang, P.; Chun, T.J.; Yao, Y.L. Preparation of Chromium-iron metal powder from chromium slag by reduction roasting and magnetic separation. J. Iron Steel Res. Int. 2015, 22, 771–776. [Google Scholar] [CrossRef]

	



Bergeron, M.; Richer-Laflèche, M. Method for Increasing the Chrome to Iron Ratio of Chromites Products. U.S. Patent 7658894 B2, 9 February 2010. [Google Scholar]

	



Zhang, J.; Xing, X.; Song, B. Metall Phys. Chem; Metallurgical Industry Press: Beijing, China, 2004. [Google Scholar]

	



Cheng, G.; Quan, X.; Luo, H.; Bai, W.; Cunfang, L. Influence of Carbothermal Reduction Process on the Microscopic Properties of Lime-Free Roasting Chromite Ore Processing Residue (COPR). IOP Conf. Ser. Mater. Sci. Eng. 2020, 729, 012064. [Google Scholar] [CrossRef]

	



Verein Deutscher Eisenhüttenleute. Slag Atlas; Verlag Stahleisen: Düsseldorf, Germany, 1995. [Google Scholar]

	



Matsumura, T.; Takenaka, Y.; Shimizu, M. Effect of the carbon content on reduction and melting behavior of carbon composite iron orepellet. Tetsu-Hagane 2010, 85, 652–657. [Google Scholar] [CrossRef]

	



Bizhanov, A.; Kurunov, I.; Pavlov, A.; Chadaeva, O.; Chizhov, P. Study of the high-temperature reduction of ore-coal extrusion briquettes (Brex). Metallurgist 2014, 57, 871–877. [Google Scholar] [CrossRef]

	



Hino, M.; Nagasaka, T.; Higuchi, K.; Ban-Ya, S. Thermodynamic estimation on the reduction behavior of iron-chromium ore with carbon. Met. Mater. Trans. A 1998, 29, 351–360. [Google Scholar] [CrossRef]

	



Tsomondo, M.B.C.; Simbi, D.J. Kinetics of chromite ore reduction from MgO-CaO-SiO2-FeO-Cr2O3-Al2O3 slag system by carbon dissolved in high carbon ferrochromium alloy bath. Ironmak. Steelmak. 2002, 29, 22–28. [Google Scholar] [CrossRef]

	



Sun, Y.; Gao, P.; Han, Y.; Ren, D. Reaction behavior of iron minerals and metallic iron particles growth in coal-based reduction of an oolitic iron ore. Ind. Eng. Chem. Res. 2013, 52, 2323–2329. [Google Scholar] [CrossRef]

	



Hara, Y.; Tsuchiya, M.; Kondo, S.-I. Intraparticle Temperature of Iron-Oxide Pellet during the Reduction. Tetsu-Hagane 1974, 60, 1261–1270. [Google Scholar] [CrossRef]

	



Yang, J.; Mori, T.; Kuwabara, M. Mechanism of Carbothermic Reduction of Hematite in Hematite–Carbon Composite Pellets. ISIJ Int. 2007, 47, 1394–1400. [Google Scholar] [CrossRef]

	



Gudenau, H.W.; Senk, D.; Wang, S.; Martins, K.D.M.; Stephany, C. Research in the Reduction of Iron Ore Agglomerates Including Coal and C-containing Dust. ISIJ Int. 2005, 45, 603–608. [Google Scholar] [CrossRef]

	



Long, H.; Meng, Q.; Chun, T.; Wang, P.; Li, J. Preparation of metallic iron powder from copper slag by carbothermic reduction and magnetic separation. Can. Met. Quart 2016, 55, 1–7. [Google Scholar] [CrossRef]

	



Roshchin, V.; Roshchin, A.; Akhmetov, K. Mechanism and sequence of the metal reduction in the lattice of chromospinelides. Russ. Metall. 2014, 2014, 173–178. [Google Scholar] [CrossRef]

	



Ahmed, H.M.; Viswanathan, N.N.; Björkman, B. Isothermal reduction kinetics of self-reducing mixtures. Ironmak. Steelmak. 2016, 44, 1–10. [Google Scholar] [CrossRef]

	



Zhao, Q.; Liu, C.; Zhang, B.; Jiang, M.; Qi, J.; Saxén, H.; Zevenhoven, R. Study on Extraction of Iron From Chromite. Steel Res. Int. 2015, 86, 1541–1547. [Google Scholar] [CrossRef]








[image: Materials 14 04937 g001 550] 





Figure 1. MgO–SiO2–Al2O3 phase diagram with isotherm lines for p = 1 atm, drawn with FactSage 7.2. 
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Figure 2. Experimental procedures for the pre-reduction and separation processes. 
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Figure 3. Experimental devices. (A) Grinder; (B) mixer; (C) presser; (D) muffle furnace; (E) magnetic separator. 
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Figure 4. Output yield of alloy with different pre-reduction temperatures and different separation processes. 
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Figure 5. FeO–SiO2 phase diagram for p = 1 atm, drawn with FactSage 7.2. 
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Figure 6. The distribution ratio of iron with different pre-reduction temperatures and different separation processes. 
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Figure 7. Recovery rate for iron with different pre-reduction temperatures and different separation processes. 
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Figure 8. Distribution ratio of chromium with different pre-reduction temperatures and different separation processes. 
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Figure 9. Recovery rate of chromium with different pre-reduction temperatures and different separation processes. 






Figure 9. Recovery rate of chromium with different pre-reduction temperatures and different separation processes.



[image: Materials 14 04937 g009]







[image: Materials 14 04937 g010 550] 





Figure 10. Chromium–iron ratio (Cr/Fe) in pellets, alloy, and tail slag. 
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Table 1. Thermodynamic data for reduction reactions.
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	No.
	Equations
	ΔGθ [J·mol−1]
	Start Temperature of Reaction [K]





	1
	3Fe2O3 + C = 2Fe3O4 + CO
	124,429 − 224.2 T
	555



	2
	Fe3O4 + C = 3FeO + CO
	207,510 − 217.62 T
	953.4



	3
	FeO + C = Fe + CO
	149,600 − 150.36 T
	994.9



	4
	Cr2O3 + 3C = 2Cr + 3CO
	771,315 − 507.11 T
	1521
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Table 2. Composition of the chromium slag used in the experiment.
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	T.Fe

(wt.%)
	T.Cr

(wt.%)
	Al2O3

(wt.%)
	MgO

(wt.%)
	CaO

(wt.%)
	SiO2

(wt.%)
	Cr/Fe





	19.2
	23.2
	9.47
	9.69
	0.57
	10.36
	1.21
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Table 3. Experimental scheme and operating parameters.
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	NO.
	Basicity of Pellets
	Pre-Reduction Temperature [K]
	Pre-Reduction Time [min]
	Separation Method
	Separation Temperature [K]
	Separation Time [min]





	1
	0.36
	1373
	45
	Melting separation
	1853
	60



	2
	0.36
	1523
	45
	Melting separation
	1853
	60



	3
	0.99
	1373
	45
	Magnetic separation
	-
	-



	4
	0.99
	1523
	45
	Magnetic separation
	-
	-
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Table 4. Weight and composition of the metallized pellets, alloy, and tail slag.
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NO.

	
Metallized Pellets

	
Alloy

	
Tail Slag




	
m0

(g)

	
(% Fe)0

(wt.%)

	
(% Cr)0

(wt.%)

	
ma

(g)

	
(% Fe)a

(wt.%)

	
(% Cr)a

(wt.%)

	
ms

(g)

	
(% Fe)s

(wt.%)

	
(% Cr)s

(wt.%)






	
1

	
91.2

	
18.71

	
22.59

	
13.76

	
55.78

	
22.8

	
70.04

	
11.9

	
22.5




	
87.6

	
18.83

	
22.61

	
12.81

	
56.81

	
23.12

	
71.54

	
11.03

	
21.51




	
92.1

	
18.67

	
22.8

	
13.65

	
54.33

	
21.89

	
69.1

	
12.04

	
23.51




	
2

	
91.4

	
18.92

	
22.86

	
8.02

	
52.14

	
24.6

	
64.8

	
17.1

	
25.5




	
92.1

	
19.13

	
22.9

	
8.51

	
53.21

	
24.71

	
64.13

	
17.32

	
25.68




	
94.5

	
19.79

	
23.58

	
8.5

	
52.13

	
25.32

	
65.31

	
18.01

	
26.61




	
3

	
60

	
20.11

	
24.21

	
3.78

	
67.42

	
1.27

	
55.4

	
9.1

	
26.2




	
60

	
20.01

	
24.37

	
3.61

	
66.58

	
1.3

	
54.99

	
9.32

	
26.41




	
60

	
20.2

	
24.41

	
3.71

	
68.1

	
1.23

	
55.81

	
8.88

	
26.09




	
4

	
60

	
20.53

	
25.01

	
3.61

	
55.13

	
2.53

	
56.3

	
13.9

	
26.6




	
60

	
21.51

	
25.89

	
3.69

	
52.78

	
2.68

	
56.59

	
14.01

	
27.19




	
60

	
21.72

	
26.11

	
3.59

	
57.61

	
3.01

	
56.9

	
12.99

	
27.36
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