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Abstract


Vanadium titanomagnetite (VTM) is an important mineral for developing titanium resources, but the comprehensive recovery of ilmenite separation is extremely poor, resulting in the low-efficiency utilization of titanium resources. Here, the separation of ilmenite from VTM ore is studied by combining magnetic separation and flotation technologies. In particular, the floatability of mixed MOH/PG-1 collectors is thoroughly investigated. The results show that a concentrate with a TiO2 grade of 9.90% can be separated via weak magnetic separation and coarse particle tailing dumping. The concentrate grade is then increased to 14.32% via strong magnetic separation and floating separation of sulfur minerals. Finally, a TiO2 grade of 46.34% is obtained through closed-circuit flotation using mixed MOH/PG-1 collectors. The mixed collectors are very efficient and can enhance the chemical adsorption of the Ti4+, Fe3+, and Fe2+ ions in the ilmenite concentrate compared with the MOH collector, thereby increasing the TiO2 grade and recovery by 3.31% and 1.20%, respectively. This is beneficial for improving the comprehensive utilization of titanium resources in VTM ores.
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1. Introduction


Titanium, which is mainly extracted from rutile ores and ilmenite, is the basic raw material for the production of titanium dioxide and titanium metal [1,2]. According to the statistics related to the distribution of titanium resources in the world (TiO2 m) published by the United States Geological Survey (USGS 2021), the global titanium reserves are about 742 million tons [3]. However, high-quality rutile reserves only account for 6.2%. With the gradual depletion of these rutile reserves, ilmenite, which accounts for 93.8% of the global titanium reserves, has become the main titanium-bearing mineral considered. Vanadium titanomagnetite (VTM) is rich in Fe, V, Ti, and trace elements, such as Co, Ni, and Ga; this mineral has a high utilization value, and its development is extremely important [4,5]. It is estimated that the global VTM reserves exceed 40 billion tons; they are concentrated in Russia, China, South Africa, the United States, Canada, Norway, Finland, India, and Sweden [6,7,8]. Ilmenite and titanomagnetite are the two most useful minerals contained in VTM. Therefore, VTM has become the main target mineral for extracting titanium, especially in China [9].



VTM resources in the Panzhihua–Xichang region of China are very abundant, accounting for 27.9% of the world’s titanium reserves [10]. According to the difference in the magnetic properties between titanomagnetite and other minerals, VTM can provide a beneficiation process consisting of stage grinding and stage separation to obtain the VTM concentrate and Fe-separation tailing. Ilmenite can then be separated from the Fe-separation tailings through a strong magnetic enrichment process (or gravity separation), followed by a flotation separation process (or electric separation) [11,12]. With the gradual reduction of rich ore resources, the ore grade decreases, the particles are refined, and the mineral composition becomes more complex; thus, a smaller grinding particle size is required to obtain a high-grade concentrate. However, ultra-fine grinding particles can no longer be separated efficiently through the electric separation process. Therefore, the flotation process has become the mainstream process for ilmenite separation at present, and numerous research works have been carried out regarding ilmenite surface activation, gangue mineral inhibition, and flotation agent optimization and modification (see Table 1).



Since the surface-active point of ilmenite has a significant influence on its floatability, the flotation performance can be enhanced by adding metal ions (such as Al3+, Pt2+, and Fe3+) or chemical reagents [13,14,15,16,17,18]. Furthermore, the surface-active point of ilmenite can also be increased through ultrasonic excitation, magnetic fields, microwave excitation, etc. Carboxymethyl cells (CMCs), acidified water glass (AWG), sodium polystyrene sulfide (PSSNa), and other reagents can effectively depress titanopyroxene from entering ilmenite, thus improving the grade and recovery of ilmenite [19,20,21,22]. Currently, studies on collectors have gradually shifted their focus from single fat acids, phosic acid, arsonic acid, and hydrogen acid to a series of combined collectors, such as sodium oleate/styrene phosic acid (NaOL/SPA), Pt-BHA-NaOL (PBA), MOH (composed of A, B, and C organic compounds), sodium oleate/benzohydroxamic acid (NaOL/BHA), benzhydroxamic acid/decyclamine (BHA/DDA), and XT (prepared using the A, B, and C collectors in a certain ratio) [23,24,25,26,27,28,29,30,31,32]. The flotation effect of combined collectors on ilmenite is significantly improved compared with that of a single collector.



It should be noted in Table 1 that the grade and recovery of ilmenite concentrate after flotation are affected not only by flotation factors such as activator, depressant, and collector but also by factors such as feed grade and its mineral characteristics. As some mineral characteristics of VTM ores in Panzhihua have changed with mining, combination collectors, such as MOH and XT, which are widely used at present, can no longer provide efficient flotation of ilmenite. Thus, it is necessary to further study the mineral characteristics and flotation process parameters of VTM ores. Therefore, in this work, the separation process of ilmenite from the Panzhihua VTM is studied using the mixed MOH/PG-1 collectors. The results show that the grade and yield of the ilmenite concentrate obtained using the mixed collectors are higher than those obtained using the MOH collector.




2. Experimental Methods


2.1. Materials and Reagents


The MOH, which is a commercial collector, was provided by Hubei Jingjiang Mineral Processing Reagent Co., Ltd., China. Butyl xanthate was purchased from Condice Chemical Co., Ltd. (Wuhan, Hubei province, China). 2# oil and diesel oil were supplied by Wuhan Jiyesheng Chemical Co., Ltd., China, and China National Petroleum Corporation, respectively. The hydroxamate PG-1 collector was developed by Pangang Group Co., Ltd., China. The VTM ore with ~11.3% TiO2 and ~27.7% total iron (TFe) was also provided by Pangang Group Co., Ltd., China (see Table 2). The mineral compositions listed in Table 3 show that the contents of ilmenite and titanomagnetite are 10.48% and 28.97%, respectively. In addition, there are a large number of pyroxenes (augite, chlorite, olivine, hornblende, etc.), feldspar gangue minerals (plagioclase, anorthosite, etc.), and sulphides (pyrrhotite, pyrite, etc.) (Figure 1).




2.2. Magnetic Separation Enrichment


Since ilmenite and titanomagnetite have the form of close aggregates with a large particle size and are filled with plagioclase, pyroxene, and other minerals (Figure 1b,c). The VTM sample has to be ground to obtain the monomer dissociation of each mineral. Therefore, a sealed laboratory pulverizer (GJ100-1, Jiangxi Hongxing Mineral Processing Equipment Manufacturing Co., Ltd., Ganzhou, Jiangxi province, China) was used to pre-grind the ores for 15 s (particle size <0.38 mm). The ores were then crushed using a planetary ball mill (QM3SP01L, Nanjing University Instrument Factory, Nanjiang, Jiangsu province, China). To analyze the effect of the grinding particle size on the separation of titanomagnetite and other strong magnetic minerals, about 20 g of the coarsely ground ores was placed inside a wet magnetic separation tube (XCGS50, Jiangxi Hengcheng Mineral Processing Equipment Co., Ltd., Ganzhou, Jiangxi province, China) at 0.12 T.



As the particle size has a considerable impact on the grade and yield of the ilmenite concentrate in the flotation process, the particles of the low-intensity magnetic separation (LIMS) concentrate (weak magnetic and non-magnetic minerals) was sieved using a Tyler standard sieve. The TiO2 content of the LIMS concentrate with different particle sizes was then measured using inductively coupled plasma atomic emission spectrometry (ICP-AES, NexION 300D, PerkinElmer, Waltham, MA, USA) [33], and the part of the screened material with a low grade was directly discarded as tailing.



To improve the grade of ilmenite concentrate and reduce the consumption of collectors in the flotation process, the non-magnetic minerals in the LIMS concentrate can be removed through high-intensity magnetic separation (HIMS). Therefore, the LIMS concentrate was used as a raw material in a high magnetic separator (XCSQ-50 × 70, Wuhan Prospecting Machinery Factory, Wuhan, Hubei province, China) to obtain a HIMS concentrate. The influence of different magnetic intensities (0.6, 0.8, 1.0, and 1.2 T) on the yield, TiO2 content, and recovery was investigated.



The yield (η) and recovery (R) during the magnetic separation can be calculated using Equation (1) and Equation (2), respectively.


  η =    Q 1     Q 1  +  Q 2    × 100 %  



(1)






  R =    Q 1   β 1     Q 1   β 1  +  Q 2   β 2    × 100 %  



(2)




where Q1 and Q2 refer to the weight of concentrate and tailing, respectively (g); β1 and β2 represent the TiO2 content in concentrate and tailing, respectively (%).




2.3. Flotation Separation


Since sulfide minerals have an impact on the grade of the ilmenite concentrate, it is necessary to perform the separation before the ilmenite flotation. Gou et al. used 1000 g t−1 sulfuric acid, 100 g t−1 butyl xanthate, and 70 g t−1 2# oil as the surfactant, collector, and foaming agent, respectively, for the flotation separation of the metal sulfides [34]. Therefore, 25 g of the HIMS concentrate was first added to the flotation cell (XFDIV, Jilin Prospecting Machinery Factory, Changchun, Jilin province, China), which contained about 0.5 L deionized water. This process was performed while rotating the cell at a speed of 1600 rpm. 0.250 g sulfuric acid with a concentration of 10% was added to the pulp to be activated for 3 min, and 0.075 g of butyl xanthate with a concentration of 10% and 0.018 g 2# oil were then added to the activated pulp; the mixture was then stirred for 3 min. Finally, air was introduced for bubbling, and the scraper was opened for 3 min to separate metal sulfides containing foam (tailing).



The pH of the above residual pulp was adjusted by adding H2SO4 (or NaOH) with a concentration of 10% and stirring the obtained mixture for 2 min. Subsequently, a certain amount of the mixed MOH/PG-1 collectors was added to the pulp under continuous stirring for 3 min. After that, compressed air was blown into the pulp, and the scraper started to separate the foam containing ilmenite concentrate, and the flotation duration was controlled at 3 min. The foam flotation concentrate was finally filtered, dried, and weighed. All flotation experiments were repeated three times under the same conditions. Flotation experiments were also carried out using the MOH collector under the same conditions to analyze the collection ability of the mixed collector. In these experiments, 150 g t−1 of diesel oil was added to the pulp as the foaming agent [27].



Since it is difficult to obtain high-grade ilmenite concentrate by conducting mirco-flotation tests, a closed-circuit flotation system with one roughing stage, two scavenging stages, and five cleaning stages was designed, as shown in Figure 2. The operation of this closed-circuit flotation system has been described in detail by Liu et al. [21].




2.4. Characterization Methods


The phases of the SLMS concentrate and SLMS tailing were detected using an X-ray diffractometer (XRD, X’pert PRO, PANalytical, Almelo, Netherlands), equipped with an X-ray gun (Co Kα radiations), operating at 35 kV and 50 mA. To study the flotation mechanism of the MOH and PG-1 collectors, zeta potentials at different pH values were measured using a potentiometer (Nano-ZS90, Malvern Instruments, Malvern, WOR, UK). In addition, Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific Co., Waltham, MA, USA) and X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+Thermo Fisher Scientific Co., Waltham, MA, USA) measurements were conducted to analyze the surface chemical structure characteristics of the ilmenite concentrate.





3. Results and Discussion


3.1. Magnetic Separation


3.1.1. Low-Intensity Magnetic Separation (LIMS)


The effect of the grinding particle size on LIMS concentrate is shown in Table 4. It can be seen that both TiO2 content and recovery of the LIMS concentrate are the lowest, corresponding to the highest TiO2 content of the LIMS tailing, which indicates that the degree of monomer dissociation of ilmenite and titanomagnetite without ball milling is not sufficient [35]. With increasing ball milling time, the degree of monomer dissociation of each mineral increases, resulting in an increase in the yield, TiO2 content, and recovery of the LIMS concentrate after the weak magnetic separation process. The yield, TiO2 content, and recovery of the LIMS concentrate are 57.07%, 9.87%, and 50.27% after grinding for 60 min, respectively. As the grinding time increases further, although the TiO2 content and recovery of the LIMS concentrate continue to increase, the rate at which they increase becomes significantly lower. These results suggest that the influence of prolonged grinding on the weak magnetic separation process is reduced. Thus, the best grinding time is found to be 60 min. To further analyze the ore separation for a grinding time of 60 min, the LIMS concentrate and tailing were characterized via XRD, and the results are shown in Figure 3. It can be seen that the main phases of the LIMS concentrate are ilmenite, diopside, chlorite, plagioclase, and pyroxene. However, magnetite (titanomagnetite), diopside, and ilmenite appear in the LIMS tailing, indicating that most of the titanomagnetite enters the tailing for separation.



The yield, TiO2 content, and recovery for different particle sizes of the LIMS concentrate are shown in Table 5. It can be seen from the table that the particle size of the LIMS concentrate is mainly in the range of 0.15–0.1 mm (53.34%), while the proportion of fine particles (with size less than 0.04 mm) is only 5.79%, which is beneficial for the separation of ilmenite. The TiO2 content for different particle sizes of the LIMS concentrate is clearly different, with the TiO2 content for particle sizes exceeding 0.25 mm being the lowest (only 3.35%). These large particles can be directly discarded as the tailing (sieving separation, or SP), and the TiO2 content of the LIMS concentrate is up to 9.90%. The largest proportion of TiO2 can be found in particles with a size in the range of 0.15–0.074 mm (around 87%), which can improve the grade and recovery of ilmenite during flotation [36].




3.1.2. High-Intensity Magnetic Separation (HIMS)


The HIMS separation results under different magnetic field strengths are shown in Table 6. It can be seen from the table that with increasing magnetic field strength, the yield and recovery of the HIMS concentrate increase, while the TiO2 content gradually decreases, which corresponds to a decrease in the TiO2 content of the HIMS tailing. The recovery of the HIMS concentrate can reach 87.19%, and the corresponding TiO2 content is 14.24% at 1.0 T. Although the TiO2 content at 1.0 T is 0.74% lower than that at 0.6 T, the recovery is increased by around 11.6%. As the magnetic field intensity is increased further (1.2 T), the TiO2 content of the HIMS concentrate decreases significantly, but the yield increases slightly. Therefore, the magnetic field intensity of 1.0 T was selected for strong magnetic separation, and the TiO2 content of the HIMS tailing was found to be 3.22%, which was also directly discarded.





3.2. Flotation Separation


3.2.1. Desulfide Flotation


The concentrate grade and yield indices obtained by desulfurization flotation (DSF) are shown in Table 7. It can be seen that the DFS concentrate obtained through the flotation separation process is relatively high (99.21%). Although the TiO2 grade has been slightly improved, the removal rate of the S impurity reaches 58.71%; therefore, this process can effectively reduce the impact of the S impurity on the quality of ilmenite. In addition, TFe in the DFS concentrate decreases slightly due to the removal of a large amount of the sulfide minerals.




3.2.2. Micro-Flotation


The effect of the proportion of the PG-1 collector in mixed collectors on the flotation concentrate was investigated at a pulp pH of 5 and for a collector amount of 2000 g t−1, and the results are shown in Figure 4a. It can be seen from the figure that as the proportion of PG-1 in the mixed MOH/PG collectors increases, the TiO2 content of the flotation concentrate first increases and then decreases, while the recovery increases, indicating that the collection effect of the mixed MOH/PG-1 collectors is stronger than that of MOH. However, an excessive amount of PG-1 leads to a significant decline in the TiO2 grade, resulting in a poor separation of ilmenite and the gangue minerals. Therefore, the best proportion of PG-1 in the mixed MOH/PG-1 collectors is 33.3%, at which the TiO2 content and recovery of the flotation concentrate are 24.19% and 84.77%, respectively.



The influence of the collector dosage on the flotation of ilmenite was studied for a proportion of PG-1 in the mixed collectors of 33.3% and a pH of 5, and the results were compared with the case in which the MOH collector was used. The results show that with the increase in the amount of the mixed collector, the TiO2 content of the flotation concentrate decreases while the recovery gradually increases (Figure 4b,c). For the same amount of collector, the TiO2 content of the concentrate obtained using the mixed MOH/PG-1 collectors is around 1.5% higher than that obtained using the MOH collector. When the amount of the collector is less than 1600 g t−1, the recovery of the flotation concentrate obtained using the MOH collector is higher than that obtained using the mixed MOH/PG-1 collectors. However, the recovery of the former becomes lower than that of the latter once the amount in the collector is increased to 2000 g t−1. It should be noted that reducing the amount of collector is beneficial to improving the grade of the flotation concentrate. However, the recovery is relatively low, and there is still a large amount of ilmenite remaining in the flotation tailing. When the amount of the collector is 2000 g t−1, the recovery of the flotation concentrates obtained using the MOH and MOH/PG-1 collectors is 82.54% and 84.77%, respectively. The increase in the recovery is considerably lower than the decrease in the TiO2 content upon continually increasing the amount of the collector. Therefore, the amount of the mixed collector was selected to be 2000 g t−1.



To further analyze the influence of the mixed MOH/PG-1 collectors on the ilmenite separation, the flotation concentrate obtained using a collector amount of 2000 g t−1 was investigated via FTIR. It can be seen from Figure 5 that there are seven typical absorption peaks of the MOH collector in the wavenumber range of 400–4000 cm−1; in particular, the peak at 3440 cm−1 is the stretching vibration of the O–H bond, and the peaks at 2924 and 2853 cm−1 are the vibration absorption peaks of the C–H bond [37,38]. The asymmetric stretching and symmetric vibration absorption peaks of the C=O group are observed at 1563 and 1451 cm−1, respectively, while the rocking vibration absorption peaks of the long carbon chain are observed at 726 and 693 cm−1 [39,40]. In the infrared spectrum of the mixed MOH/PG-1 collectors, in addition to the absorption peak of the MOH collector, four characteristic peaks can be observed at 1230, 1099, 978, and 822 cm−1; the two former peaks are the stretching vibration absorption peaks of the C–N and N–O bonds, respectively, while the two latter peaks are the long carbon chain vibration absorption peaks of PG-1 [41,42]. With the addition of the PG-1 collector, the characteristic absorption peaks of MOH located at 1563, 1451, 726, and 693 cm−1 become more intense, which indicates that these groups are more easily adsorbed on the surface of ilmenite. When the MOH collector interacts with ilmenite, the typical absorption peaks of the ilmenite concentrate appear at 3440, 2367, 2332, and 1632 cm−1. Compared with the MOH collector, it can be seen that the vibration absorption peak of the C=O group of the mixed MOH/PG-1 collectors is shifted by 69 cm−1 toward a higher wavenumber. This indicates that the MOH collector is chemisorbed on the surface of ilmenite, but the shift of the O–H characteristic peak is not clear; it may be caused by the physical adsorption of the collector and ilmenite [14]. In addition, the vibration absorption peaks at 2367 and 2332 cm−1 may be caused by the CO2 adsorption on the sample surface [43]. When the mixed MOH/PG-1 collectors are used for flotation, in addition to the characteristic peaks of the MOH collector, the spectrum also shows the presence of characteristic peaks at 1064 and 977 cm−1. Compared with the MOH collector, it can be seen that the N–O characteristic peak of the mixed MOH/PG-1 collectors is shifted by 35 cm−1 toward a lower wavenumber, indicating that the mixed collector is chemisorbed on the surface of ilmenite. These results suggest that the flotation effect of the MOH+PG-1 collector on ilmenite is better than that of the MOH collector.



Since sulfuric acid can oxidize Fe2+ on the surface of ilmenite to Fe3+ with active sites and increase the floatability of ilmenite, it is often used to adjust the pH value of pulp [44]. Therefore, the effect of different pH values on the grade and recovery of the flotation concentrate with a collector amount of 2000 g t−1 and a proportion of PG-1 of 33.3% in the mixed collectors was investigated, and the results are shown in Figure 6. The results show that with an increasing pH value, the TiO2 content of the flotation concentrate decreases gradually, while the recovery first increases and then decreases. However, the mixed MOH/PG-1 collectors are superior to the MOH collector in separating ilmenite. It should be noted that a reduction in pH improves the grade of the flotation concentrate; however, this leads to an increase in the sulfuric acid reagent consumption and a reduction in the recovery. The recovery obtained using the MOH and MOH/PG-1 collectors is the highest at a pH value of 5 (82.54% and 84.77%, respectively), as shown in Figure 6, corresponding to TiO2 contents of 22.54% and 24.15%, respectively. Therefore, the best pH value for flotation is 5.



To further analyze the influence of the pH on the mechanism of the two collectors, the zeta potentials of the ilmenite concentrate obtained using the two collectors are shown in Figure 7. It can be seen that the equipotential point of ilmenite without a collector is pH = 4.3, which is consistent with the results of Xu et al. (pH = 4.6) [45]. However, the equipotential point of ilmenite is shifted considerably toward a negative value after the addition of the collector, indicating that the collector is chemisorbed on the surface of ilmenite. In particular, the shift is more pronounced for the mixed MOH/PG-1 collectors than for the MOH collector, indicating that the adsorption energy of the mixed collector on the surface of ilmenite is higher than that of the MOH collector. The Ti–O and Fe–O bonds in ilmenite are destroyed during grinding to form Ti4+ and Fe2+ unsaturated bonds, which can form Ti(OH)n4−n, Fe(OH)m2−m, and other hydroxyl complexes with OH− or H2O in aqueous solution [46]. As the solubility of Fe2+ in solution is significantly higher than that of Ti4+, positive charge ions, such as Ti(OH)3+, Ti(OH)22+, and Ti(OH)3+, can be formed on the surface of ilmenite; these cations can directly combine with the anionic collectors, resulting in the observed negative zeta potentials [47]. In addition, since the PG-1 collector containing the hydroxamate group can form five-membered ring chelate complexes with Ti or Fe in ilmenite, the mixed MOH/PG-1 collectors are superior for ilmenite collection [48].




3.2.3. Closed-Circuit Flotation


The results of the closed-circuit flotation experiments are shown in Table 8. It can be seen from the table that a TiO2 grade of 43.03% can be obtained via the closed-circuit flotation process using MOH as the collector; the corresponding yield and recovery are 23.32% and 70.7%, respectively. However, an ilmenite concentrate with a 46.34% TiO2 content can be obtained using MOH/PG-1 as the collector; this value is 3.31% higher than that obtained using MOH, and the corresponding recovery is 1.20% higher. By contrast, the TiO2 content of the tailing obtained using MOH+PG-1 is 0.31% lower than that obtained using MOH and can thus be neglected.



To further study the action mechanism of the collector on the surface of ilmenite, XPS measurements were performed to analyze the content of the main elements in the ilmenite concentrate obtained using the two collectors. It can be seen from Table 9 that the C and N contents of the ilmenite concentrate obtained using the mixed MOH/PG-1 collectors are higher than those obtained using the MOH collector, indicating that both the MOH and PG-1 collectors are adsorbed on the surface of the ilmenite concentrate [49]. The separation of ilmenite is enhanced due to the synergism between the MOH and PG-1 collectors. The chemical binding energies of the Fe 2p and Ti 2p peaks in the ilmenite concentrate obtained using the two collectors were determined through peak deconvolution to determine the type of flotation adsorption. It can be seen from Figure 8 that the Ti 2p photoelectron spectrum of ilmenite exhibits four characteristic peaks: The characteristic peaks at 463.88 and 458.12 eV correspond to the spin–orbit–split photoelectrons of the Ti–O–Fe 2p1/2 and Ti–O–Fe 2p3/2 orbitals in ilmenite, while the characteristic peaks at 465.82 and 459.09 eV correspond to the Ti4+ ions on the TiO2(110) surface, which are labeled TiO2 2p1/2 and TiO2 2p3/2, respectively [21]. To detect the Ti4+ signal originating from the Ti–O–Fe bond, the Ti4+ ions on the TiO2 surface were labeled Ti4+*. The Fe 2p photoelectron spectra of ilmenite shows five characteristic peaks: The characteristic peaks at 724.28 and 710.28 eV are attributed to Fe2+ 2p1/2 and Fe2+ 2p3/2, respectively; those at 730.27 and 712.06 eV represent Fe3+ 2p1/2 and Fe3+ 2p3/2, respectively; and that at 715.43 eV is a satellite peak of Fe 2p [50]. The Ti4+ and Ti4+* binding energies of the ilmenite concentrate obtained using the MOH collector shift by 0.23 and 0.63 eV in the Ti 2p3/2 spectrum, respectively, while they shift by 0.53 and 0.96 eV in the Ti 2p1/2 spectrum, respectively (Table 10). The change in the binding energies of both ions is greater than 0.2 eV, indicating that the MOH collector is chemisorbed on the Ti atoms of ilmenite [51]. Similarly, the shifts in the binding energies of Ti4+ and Ti4+* in the Ti 2p3/2 spectrum of ilmenite obtained using the mixed MOH/PG-1 collectors are 0.20 and 0.59 eV, respectively, and the corresponding shifts in the Ti 2p1/2 spectrum are 0.94 and 1.39 eV, respectively, indicating that both the MOH and PG-1 collectors are absorbed on the Ti atoms of ilmenite. For the Fe atoms in the ilmenite concentrate, the Fe2+ and Fe3+ binding energies for the MOH collector shift by 0.30 and 0.42 eV in the 2p3/2 spectrum, respectively, and the corresponding shifts in the Fe 2p1/2 spectrum are 0.47 and 0.27 eV, respectively, indicating that MOH is adsorbed on the Fe2+ and Fe3+ ions of the ilmenite concentrate. When using the mixed MOH/PG-1 collectors, the Fe2+ and Fe3+ binding energies shift by 0.30 and 0.57 eV in the 2p3/2 spectrum, respectively, and the corresponding shifts in the Fe 2p1/2 spectrum are 0.28 and 3.30 eV, respectively. The chemisorption of the mixed collectors on Fe3+ is enhanced compared with that of the MOH collector; the chemisorption of the mixed collectors on the Fe3+ ions is stronger than that on the Fe2+ ions. Therefore, the flotation capacity of ilmenite is enhanced. The above results indicate that the mixed MOH/PG-1 collectors are absorbed on the Ti4+, Fe2+, and especially the Fe3+ ions of ilmenite during flotation.






4. Conclusions


In this work, ilmenite from Panzhihua VTM ore was separated by combining magnetic separation and flotation processes. The effect of the mixed MOH/PG-1 collectors on the flotation separation of ilmenite was studied via XRD, FTIR, XPS, and other techniques. The results show that an ilmenite concentrate with 46.34% TiO2 can be separated from VTM ores through the LIMS process, sieving separation process, HIMS process, DSF process, and flotation separation process using MOH/PG-1 as the collector. Compared with the MOH collector, the TiO2 grade and recovery of the ilmenite concentrate are increased by 3.31% and 1.20%, respectively, because the mixed MOH/PG-1 collectors are more efficient in strengthening the chemical adsorption of the Ti4+, Fe3+, and Fe2+ ions in the ilmenite concentrate. These findings will be useful in improving the comprehensive utilization of titanium resources in VTM ores.
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Figure 1. XRD patterns (a), SEM images (b), and MLA diagrams (c) of VTM ores. 
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Figure 2. Flow chart of the closed-circuit flotation process. 
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Figure 3. XRD patterns of the SLMS concentrate (a) and SLMS tailing (b). 
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Figure 4. Effect of the proportion of PG-1 collector in the mixed collectors on the flotation concentrate (a). TiO2 content (b) and recovery (c) of the flotation concentrate as a function of the collector dosage. 
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Figure 5. Infrared spectrum of the flotation concentrates for different collectors. 
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Figure 6. TiO2 content (a) and recovery (b) of the flotation concentrate as a function of the pH value. 
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Figure 7. Zeta potentials of ilmenite as a function of the pH value for different collectors. 
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Figure 8. Fe 2p and Ti 2p XPS spectra of ilmenite for different flotation agents: without collector (a,b), with the MOH collector (c,d), and with the mixed MOH/PG-1 collectors (e,f). 
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Table 1. Summary of previous results on ilmenite flotation.
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	Classification
	Feed Grade / %
	Yield / %
	Grade / %
	Recovery /%
	Flotation Reagents
	Flotation Feeds
	Flotation Category





	Activator (metal ion) [13]
	52.25
	/
	/
	86.40
	Al3+/benzohydroxamic acid (Al3+/BHA)
	Pure ilmenite
	Micro-flotation test



	Activator (metal ion) [14]
	50.50
	/
	/
	88.46
	Pt2+/benzohydroxamic acid (Pt2+/BHA)
	Pure ilmenite
	Micro-flotation tests



	Activator (metal ion) [15]
	50.71
	/
	/
	95.00
	Sodium oleate/ferrate (NaOL/ferrate)
	Pure ilmenite
	Micro-flotation test



	Activator (ultrasonic treatment) [16]
	25.96
	41.6
	38.37
	61.49
	Sodium oleate (NaOL)
	Mixtures of ilmenite and titanaugite
	Micro-flotation test



	Activator (magnetic treatment) [17]
	50.13
	/
	/
	80.30
	Sodium oleate (NaOL)
	Pure ilmenite
	Micro-flotation test



	Activator (attrition-scrubbing treatment) [18]
	17.25
	22.26
	47.06
	60.73
	Fatty acid salt/diesel oil
	Fe-separation tailing
	Closed-circuit test



	Depressant [19]
	21.52
	47.82
	38.19
	79.53
	Sodium oleate/carboxymethyl cellulose (NaOL/CMC)
	Mixtures of ilmenite and titanaugite
	Micro-flotation tests



	Depressant [20]
	17.21
	25.85
	47.25
	70.79
	Sodium oleate/Acidified water glass (NaOL/AWG)
	Mixtures of ilmenite and titanaugite
	Closed-circuit test



	Depressant [21]
	15.63
	25.93
	45.97
	76.32
	Collector CT/sodium polystyrene sulfonate (PSSNa)
	The strongly magnetic coarse concentrate from Fe-separation tailing
	Closed-circuit test



	Depressant [22]
	21.52
	30.2
	42.86
	59.79
	Sodium oleate/carboxymethyl cellulose (NaOL/CMC)
	Mixtures of ilmenite and titanaugite
	Closed-circuit test



	Collector [23]
	22.22
	42.94
	39.07
	75.49
	2-decanoylamino-pentanedioic acid (DPA)
	Mixtures of ilmenite and titanaugite
	Micro-flotation test



	Collector [24]
	21.68
	/
	46.83
	90.22
	Coffee oil
	Fe-separation tailing
	Closed-circuit test



	Collector (Combined reagents) [25]
	48.66
	/
	/
	95.21
	Pt-BHA-NaOL (PBA, ternary mixed collectors)
	Mixtures of ilmenite and titanaugite
	Micro-flotation test



	Collector (Combined reagents) [26]
	/
	/
	/
	97.00
	Mixed collector sodium oleate/styrene phosphonic acid (NaOL/SPA)
	Pure ilmenite
	Micro-flotation test



	Collector (Combined reagents) [27]
	20.16
	48.11
	34.51
	82.36
	MOH (Organic compounds of A, B, and C in a certain ratio)
	Fe-separation tailing
	In a cyclonic-static micro-bubble flotation column



	Collector (Combined reagents) [28]
	13.44
	/
	46.62
	40.42
	Pine oil/sodium silicate
	Fe-separation tailing
	High-gradient magnetic separation-flotation process (HGMS)



	Collector (Combined reagents) [29]
	20.40
	/
	/
	86.27
	Mixed collector sodium oleate/benzohydroxamic acid (NaOL-BHA)
	Mixtures of ilmenite and titanaugite
	Micro-flotation test



	Collector (Combined reagents) [30]
	/
	/
	/
	92.5
	Mixed collector benzhydroxamic acid/dodecylamine (BHA/DDA)
	Mixtures of ilmenite and titanaugite
	Micro-flotation test



	Collector (Combined reagents) [31]
	49.12
	/
	/
	93.89
	Mixed collector waste engine oil/ sodium oleate (WEO/NaOL)
	Pure ilmenite
	Micro-flotation test










 





Table 2. Chemical composition of the VTM ores (%).
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	TiO2
	TFe
	V2O5
	Cr2O3
	CaO
	MgO
	SiO2
	Al2O3
	MnO
	S
	P2O5
	Na2O
	K2O
	Co
	Ni





	11.3
	27.7
	0.223
	0.024
	7.26
	6.89
	23.57
	8.91
	0.288
	0.592
	0.056
	0.853
	0.075
	0.023
	0.01










 





Table 3. Mineral contents of the VTM ores (%).
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	Ilmenite
	Titanomagnetite
	Pyroxenes
	Feldspars
	Sulfide Minerals





	10.48
	28.97
	36.62
	22.46
	1.47










 





Table 4. Effect of the grinding time on the LIMS process.
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Grinding Time (min)

	
Percentage of Particles with Size Less than 74 μm (%)

	
LIMS Product

	
Yield (%)

	
TiO2 Content (%)

	
Recovery (%)






	
Without ball milling

	
13.46

	
Concentrate

	
41.87

	
8.44

	
30.99




	
Tailing

	
58.13

	
13.54

	
69.01




	
30

	
23.48

	
Concentrate

	
48.62

	
9.28

	
39.63




	
Tailing

	
51.38

	
13.38

	
60.37




	
60

	
28.14

	
Concentrate

	
57.07

	
9.87

	
50.27




	
Tailing

	
42.93

	
12.98

	
49.73




	
120

	
35.73

	
Concentrate

	
57.87

	
9.92

	
50.82




	
Tailing

	
42.53

	
13.06

	
49.18




	
240

	
52.59

	
Concentrate

	
58.49

	
10.03

	
52.13




	
Tailing

	
41.51

	
12.98

	
47.87











 





Table 5. Mineral contents and element distributions of the LIMS concentrate.
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	Particle Size
	>0.250 mm
	0.250–0.150 mm
	0.150–0.100 mm
	0.100–0.074 mm
	0.074–0.040 mm
	<0.040 mm





	Yield (%)
	0.40
	9.59
	53.34
	11.23
	19.64
	5.79



	TiO2 content (%)
	3.35
	6.14
	9.07
	11.06
	12.72
	11.87



	Distribution rate (%)
	0.14
	5.97
	49.03
	12.58
	25.32
	6.96










 





Table 6. Effect of the magnetic field strength on the HIMS process.
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Magnetic Field Intensity (T)

	
HIMS Product

	
Yield (%)

	
TiO2 Content (%)

	
Recovery (%)






	
0.6

	
Concentrate

	
49.95

	
14.98

	
75.58




	
Tailing

	
50.05

	
4.83

	
24.42




	
0.8

	
Concentrate

	
59.52

	
14.30

	
85.97




	
Tailing

	
40.48

	
3.43

	
14.03




	
1.0

	
Concentrate

	
60.62

	
14.24

	
87.19




	
Tailing

	
39.38

	
3.22

	
12.81




	
1.2

	
Concentrate

	
62.94

	
14.01

	
89.07




	
Tailing

	
37.06

	
2.92

	
10.93











 





Table 7. Experimental results of the desulfide flotation process.
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DSF Product

	
Yield (%)

	
Content (%)

	
Recovery (%)




	
TiO2

	
S

	
TFe

	
TiO2

	
S

	
TFe






	
Concentrate

	
99.21

	
14.32

	
0.20

	
16.42

	
99.93

	
41.29

	
97.54




	
Tailing

	
0.79

	
1.23

	
35.72

	
52.10

	
0.07

	
58.71

	
2.46




	
Feed

	
100.00

	
14.24

	
0.48

	
16.70

	
100.00

	
100.00

	
100.00











 





Table 8. Results of the closed-circuit flotation process.
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Collector

	
Product

	
Yield (%)

	
TiO2 Content (%)

	
Recovery (%)






	
MOH

	
Concentrate

	
23.32

	
43.03

	
70.07




	
Tailing

	
76.68

	
5.59

	
29.93




	
MOH/PG-1

	
Concentrate

	
22.04

	
46.34

	
71.27




	
Tailing

	
77.96

	
5.28

	
28.73











 





Table 9. Relative atomic concentrations on the ilmenite surface for different flotation agents (at. %).
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	Collector
	C
	Fe
	Ti
	Mg
	O
	N





	MOH
	30.00
	5.24
	3.07
	2.38
	57.93
	1.39



	MOH/PG-1
	32.84
	4.73
	3.30
	2.27
	53.24
	3.63










 





Table 10. Binding energies of the Fe 2p and Ti 2p peaks on the ilmenite surface for different flotation agents.
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Element

	
Category

	
Without Collector (eV)

	
MOH (eV)

	
MOH/PG-1 (eV)






	
Ti 2p

	
TiO2 2p3/2

	
459.09

	
458.83

	
459.68




	
Ti–O–Fe 2p3/2

	
458.12

	
457.67

	
458.32




	
TiO2 2p1/2

	
465.82

	
464.65

	
464.43




	
Ti–O–Fe 2p1/2

	
463.88

	
463.17

	
462.94




	
Fe 2p

	
Fe2+ 2p3/2

	
710.28

	
710.58

	
709.98




	
Fe3+ 2p3/2

	
712.06

	
712.48

	
711.49




	
Fe2p 3/2, sat

	
715.43

	
715.92

	
713.68




	
Fe2+ 2p1/2

	
724.28

	
724.75

	
724.00




	
Fe3+ 2p1/2

	
730.27

	
730.00

	
726.97
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