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Froth flotation of fine minerals has always been an important research direction in terms of theory and practice. In this paper, the effect and mechanism of Fe3+ on improving surface hydrophobicity and flotation of fine monazite using sodium octyl hydroxamate (SOH) as a collector were investigated through a series of laboratory tests and detection measurements including microflotation, fluorescence spectrum, zeta potential, and X-ray photoelectron spectroscopy (XPS). Flotation tests have shown that fine monazite particles (−26 + 15 μm) cannot be floated well with the SOH collector compared to the coarse fraction (−74 + 38 μm). However, adding a small amount of Fe3+ to the pulp before SOH can significantly improve the flotation of fine monazite. This is because the addition of Fe3+ promotes the adsorption of SOH and greatly improves the hydrophobicity of the monazite surface. This can result in the formation of a more uniform and dense hydrophobic adsorption layer, as shown by the fluorescence spectrum and zeta potential results. From the XPS results, Fe3+ reacts with surface O atoms on the surface of monazite to form a monazite–Osurf–Fe group that acts as a new additional active site for SOH adsorption. A schematic model was also proposed to explain the mechanism of Fe3+ for improving surface hydrophobicity and flotation of fine monazite using octyl hydroxamate as a collector. The innovative point of this study is using a simple reagent scheme to float fine mineral particles rather than traditional complex processes.
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INTRODUCTION
Rare earth metals are an important input to the development and manufacture of many green and high-tech products. Rare earth elements (REEs) have important strategic value and are called “the mother of new materials’’ (Jordens et al., 2013). There is still little value in mining the world's rare earth deposits, and only a few deposits from China and the United States are doing large-scale mining. The ore types of these deposits are the main bastnaesite and monazite (Mancheri et al., 2019). Monazite [REPO4] mineral belongs to the monoclinic system and is one of the important minerals of mixed light rare earth resources in northern China (Yang et al., 2007). According to current research, flotation is the most effective way to concentrate monazite from related gangue minerals compared to the combined gravity–magnetic–electrostatic enrichment process (Zhang and Honaker, 2018). In this way, the difference in the floatability of monazite and the associated gangues could be enlarged and a basic condition for flotation separation could be created (Sis and Chander, 2013). Consequently, the selective and powerful collectors for the monazite flotation system are important research subjects of related researchers. Collecting ability is the most important index of a mineral collector. The more powerful the collecting ability of the collector is, the more hydrophobic the mineral surface it adsorbed would be, and the greater the sticking probability between the mineral and the bubble is (Yoon and Luttrell, 1989; Rosa and Rubio, 2018).
In the actual production process, oleic acid has long been the main collector of flotation of rare earth minerals. It works through chemisorption between –COO− of a reagent molecule and the metal ion or metallic hydroxyl complex on the mineral/water interface. However, its selectivity is so low that the separation efficiency is low [6]. Hydroxamate is the significant alternative collector for monazite flotation and still under further study. It is an active reagent that reveals the properties of amides and oxime acids and is used for flotation of clay, copper oxide, cassiterite, etc. It can be adsorbed onto minerals by chemisorption between the metal ions on the mineral surface and the two O atoms in the molecule to form powerful five-membered ring chelation adsorption (Marion et al., 2013). Many studies have attempted to use hydroxamate as a collector for the typical rare earth mineral, bastnaesite, and have proven that hydroxamate is more effective than fatty acid collectors. In the monazite flotation, researchers are also beginning to test its efficiency. Pavez et al. found that using octyl hydroxamate as the collector could promote the flotation of monazite compared with sodium oleate (Pavez and Peres, 1994). Wang et al. studied the interaction mechanism of octyl hydroxamate on the monazite surface and showed that the octyl hydroxamate molecule could break through the electrostatic repulsion between the monazite surface and the reagent anions to form chemisorption, confirming the powerful adsorption performance (Wang et al., 2019).
However, recent laboratory experiments have shown that hydroxamate is less effective for the flotation of fine monazite particles. There are many ways to enhance fine mineral flotation, such as microbubble flotation, flocculation flotation, and carrier flotation (Farrokhpay et al., 2020). In this paper, we adopted another method by further improving the flotation of hydroxamate by adding Fe3+. The addition of Fe3+ increased the flotation recovery of monazite, and the mechanism was investigated by microflotation tests, surface micropolarity detection, zeta potential measurements, and X-ray photoelectron spectroscopy (XPS). The innovative point of this study is that instead of using complex processes (bubble flotation, agglomeration flotation, and carrier flotation), a simple reagent scheme (Fe3+ only added) is used to float fine mineral particles.
This study could serve as a reference for more effective flotation of fine-grained ores, as the world faces the challenge of dealing with low-grade, fine-disseminated ores (Ignatkina et al., 2019; Jin et al., 2021).
MATERIALS AND METHODS
Reagents and Mineral Samples
Sodium octyl hydroxamate (SOH) with a purity of 98% was used as a collector in flotation experiments. Analytical grade ferric trichloride (FeCl3) was used as a surface modifier in flotation experiments. Both SOH and FeCl3 were purchased from Sinopharm Chemical Reagent Co., Ltd., China. The chemical structure of sodium octyl hydroxamate is shown in Figure 1, which was drawn and optimized using the Materials Studio 5.0 package. The pH was regulated with sodium hydroxide (NaOH) and hydrochloric acid (HCl) stock solutions (also from Sinopharm Chemical Reagent Co., Ltd.). The water used in all the tests was deionized water with a resistivity of about 18.2 MΩ cm.
[image: Figure 1]FIGURE 1 | Molecule structure of octyl hydroxamate (white, H; gray, C; red, O; blue, N).
Massive monazite crystals were selected from a rare earth mine in Guangxi Zhuang Autonomous Region, China. They were further purified through repeated gravity concentration using the table concentrator. Then, the purified samples were ground in the ceramic ball mill and screened to obtain different fractions (−26 + 15 μm, −74 + 38 μm, and −15 μm). The weight contents of REO and P2O5 in the purified monazite samples shown in Table 1 are 60.15 and 24.81%, respectively. The approximate theoretical grade of monazite mineral, representing its purity, was about 95%. The XRD spectrum was also obtained and is shown in Figure 2 with the monazite phase labeled on the corresponding peaks, by which the high purity of the purified samples was confirmed again.
TABLE 1 | Chemical analysis results of the purified monazite.
[image: Table 1][image: Figure 2]FIGURE 2 | XRD patterns of monazite samples with monazite phase labeled.
Microflotation
Microflotation tests were performed in a hanging trough flotation cell (XFG, 40 mlcell, Jilin Exploration Machinery Plant, China), the impeller speed set as 1990 rpm. 2.0 g (±0.002 g), and the mineral samples were placed in the 40 mlcell with 35 ml of deionized water. After agitating for 2 min, the pH regulator was added. The desired pH value was determined using a pH meter (PHS-3C), followed by conditioning the pulp for another 2 min. Then, the promoter (if needed) and collector were added successively; the conditioning times for the promoter and collector were 2 and 3 min, respectively. Both the floated and non-floated products were filtered, dried, and then weighed to calculate flotation recovery. Previous studies have reported a similar experimental flow chart with the same flotation machine (Qian et al., 2020). Three flotation tests were performed under the same conditions, and the average values were reported.
Fluorescence Emission Spectroscopy
Pyrene was dissolved into hot water until saturation to prepare the stock solution, then cooled to 25°C, and filtered. The concentration of pyrene in the solution was determined to be 6.53 × 10−7 mol/ L. Then, the monazite samples for fluorescence emission spectroscopy measurements were prepared by mixing a pyrene stock solution with a reagent and mineral pulp and allowing it to stand for 1.5 h to equilibrate. The pyrene steady-state emission spectra were obtained by using a Hitachi F-4500 fluorescence spectrophotometer. There are five characteristic peaks in the fluorescence spectrum of pyrene in distilled water (Figure 3). The ratio between the intensity of the first and third peaks of pyrene, I1/I3, is sensitive to the polarity of the medium located by the probe molecules. It has been revealed to change with the polarity of the solvent, of which the values are <1.0 in the nonpolar solvent, 1–1.2 in surfactant micelles, and 1.6–2 in water (Wang et al., 2015).
[image: Figure 3]FIGURE 3 | Fluorescence spectrum of pyrene in distilled water.
Zeta Potential Measurements
The zeta potential of minerals before and after treatment with reagent(s) was measured using a Coulter DELSA 440S II electrokinetic instrument. A powder sample (−15 μm, 2.0 mg) was first ground to ∼2 μm in an agate mortar and then transferred to a 100 ml beaker, containing 50 ml of 1 × 10−3 mol/ L KCl background electrolyte, at a given pH and reagent concentration. After being magnetically stirred for 10 min followed by settling for 7 min, the supernatant liquor was used for zeta potential measurements. Repeated tests revealed a measurement error of ± 2 mV at 25.0 ± 0.5°C.
XPS Detection
The XPS spectra for monazite particles with and without treatment by reagent(s) with the same concentration as in flotation were recorded with a K-Alpha 1063 (Thermo Scientific Co., United States) spectrometer, which employs Al Kα as a sputtering source at 12 kV and 6 mA with 1.0 × 10−9 Pa pressure in the analytical chamber. The C 1s peak served as a reference to binding energy (BE) for uncharged hydrocarbon at 284.8 eV, and the BE in all other spectra for that sample corrected for this shift. The quantification and curve fitting of the spectra were determined using XPSPEAK 4.1 software.
RESULTS AND DISCUSSION
Microflotation
In order to determine the flotation response of monazite particles (−26 + 15 μm) with or without the addition of Fe3+, and the difference in the flotation behavior compared with the coarser (−74 + 38 μm) ones, microflotation tests were conducted with 2 × 10−4 M SOH as the collector. The results corresponding to the influence of pH and Fe3+ dosage on monazite recovery are shown in Figures 4A,B, respectively.
[image: Figure 4]FIGURE 4 | Monazite recovery with SOH as a function of (A) pH and (B) Fe3+ dosage. (Coarse monazite refers to –74 + 38 μm fractions, while monazite represents –26 + 15 μm fractions.)
As shown in Figure 4A, the flotation recovery rate of monazite increases with the increasing pH from 4 to 7 and decreases with the increasing pH if Fe3+ was not added to the pulp. Flotation of coarse monazite particles behaves similarly, with an optimal recovery of 82.3% at pH 7, but the corresponding value of the monazite fraction −26 + 15 μm is only 46.9%. The effect of pH on mineral recovery is due to the low degree of dissociation of SOH to SO− in a low pH range, the active constituent to adsorb on the monazite surface, and the formation of hydrophilic metal hydroxide on the monazite surface in a high pH range. It suggests that the flotation recovery rate of fine monazite particles is low compared to that of the coarse one. Some studies on fine particles (below −38 μm) indicate that the adsorption of the collector with the mineral surface is insufficient and uneven due to most of the surface atoms having no activity for the collector (Karakas and Hassas, 2016). In this paper, we investigated the promotion of flotation of fine minerals using metal ions. The optimal flotation recovery (92.3%) was achieved at pH 8 in the presence of 2 × 10-4 M Fe3+ in the pulp. These results clearly show the improvement in Fe3+ in the flotation of fine monazite using SOH as a collector.
Figure 4B displays the monazite recovery with SOH as a function of Fe3+ dosage.
Increasing the Fe3+ dose rapidly increased the flotation recovery rate of monazite from 8.9% at 0 M to 91.3% at 1.5 × 10−4 M, which then remained unchanged with the further increase in dose. Continuing to increase the addition of Fe3+, the flotation recovery begins to decrease, being attributed to the mass production of Fe(OH)3 precipitates at high Fe3+ dosage, which inhibits the flotation of monazite mineral particles (Peng et al., 2017). The addition of 1.5 × 10−4 M Fe3+ greatly improved the flotation ability of 2 × 10−4 M SOH on the difficult floated monazite fractions (−26 + 15 μm).
Surface Micropolarity Detection
In general, floating minerals have a more hydrophobic surface, which makes them easier to attach to bubbles and lift to the pulp surface. For mineral surfaces, the weaker the polarity, the stronger the hydrophobicity (Liu et al., 2017; Liu et al., 2017). The pyrene fluorescence test has been proven to be an effective technique to obtain structural information of the adsorbed layer on minerals (Chandar et al., 1987). Here, it was adopted to characterize the polarity/hydrophobicity of the monazite surface in different reagent conditions, and the results are shown in Figures 5A,B. The lower the I1/I3 value of the mineral pulp, the more hydrophobic the mineral/water interface. As shown in Figure 5A, in the absence of Fe3+, the I1/I3 value of the monazite surface decreases first and then increases, and the lowest I1/I3 value occurs at pH 7. In contrast, in the presence of Fe3+, the I1/I3 value changes in the same way as in the absence of Fe3+, with the lowest I1/I3 value occurring at pH 8. These findings show that the most hydrophobic monazite surface could be prepared at pH 7 without Fe3+ and at pH 8 with 1.5 × 10−4 M Fe3+, which is consistent with the best flotation recovery of monazite in corresponding conditions. At lower pH 4 or higher pH 11, almost all the I1/I3 values lie in the 1.2–1.6 range for water, presenting a stronger hydrophilic monazite surface at these pH values; hence, monazite recovery is poor. At pH 7 without Fe3+, the I1/I3 value is 1.43, indicating that the monazite surface is still somewhat hydrophilic, as there is not too much SOH adsorbed on the mineral surface. For the case with the Fe3+ addition, the I1/I3 values are lower than 1.4 in the pH range of 5.5–9, meaning that the hydrophobicity is high, and the SOH anions may be adsorbed by semi-micelle adsorption (Zhang et al., 2007).
[image: Figure 5]FIGURE 5 | I1/I3 value of the monazite surface treated with SOH as a function of (A) pH and (B) Fe3+ dosage.
Comparing the I1/I3 values of monazite pulp with and without the addition of 1.5 × 10−4 M Fe3+, Fe3+ may improve the surface hydrophobicity of monazite over the entire pH range. Continuing the observation, the variable I1/I3 values after the addition of Fe3+ are maximal at pH 8. This is in good agreement with the largest change in the monazite flotation recovery rate. The influence of Fe3+ dosage is also investigated in the results shown in Figure 5B. The variation tendency also coincided with the flotation behavior: with 1.5 × 10−4 M SOH only in the pulp, the mineral surface is very hydrophilic (>1.85 I1/I3 value); as the Fe3+ dosage increases, the most hydrophobic monazite particles are obtained at 1.5–2 × 10−4 M Fe3+. All these results explain the improvement in Fe3+ addition in monazite flotation with collector SOH in terms of mineral polarity/hydrophobicity.
Zeta Potential Measurements
For the flotation system, the adsorption of heteropolar collector molecules onto the mineral surface induces the hydrophobicity and flotation of mineral particles. In this paper, SOH is an anionic collector, while Fe3+ is cationic, so the adsorption of them does result in the change in the zeta potential of the monazite surface. Hence, the zeta potential of the monazite surface was measured under different reagent conditions to delineate interfacial interaction phenomena, and the results are presented in Figure 6. The isoelectric point (IEP) of raw monazite in the background electrolyte solution is 5.6, which is close to the value 6.0 or 5.3 tested by Zhang (2017) and Nduwa Mushidi (2016), respectively. The zeta potential gradually decreases with the increasing pH.
[image: Figure 6]FIGURE 6 | Zeta potential of monazite under different reagent conditions as a function of pH.
When 2 × 10−4 M collector SOH was added into the solution, the zeta potential of the monazite surface became more negative in the whole pH range. The variation is slight as shown in Figure 6, illustrating that a small amount of SOH was adsorbed onto monazite. The greatest change (∼14 mV) in the zeta potential between monazite and monazite/SOH systems occurs at pH 7. In the pH range 5.6–11, the monazite surface is negatively charged, but the negatively charged SOH anions can still be adsorbed to make the zeta potential of the monazite surface more negative, indicating chemisorption between SOH and the monazite surface (Gao Y. et al., 2018). Simply adding 1.5 × 10-4 M Fe3+ will significantly increase the zeta potential and shift the IEP to about 9.4, which is ascribed to the electrostatic attraction between the negatively charged monazite surface and cationic Fe3+ ions. The greatest change (∼34 mV) in the zeta potential between monazite and monazite/Fe3+ systems occurs at pH 8.
The more important phenomenon is that, with SOH addition after Fe3+, the greatest change (∼36 mV) in the zeta potential between monazite/Fe3+ and monazite/Fe3+/SOH systems also occurs at pH 8; the zeta potential change between monazite/Fe3+ and monazite/Fe3+/SOH systems is much larger than that between monazite and monazite/SOH systems. This suggests that the addition of Fe3+ can greatly promote the adsorption of SOH onto the monazite surface. The change in the optimal pH of monazite flotation from 7 to 8 is easy to understand based on the above analysis.
XPS Measurements
The adsorption of SOH on the monazite surface can be greatly improved by adding an adequate dose of Fe3+, thus increasing the surface hydrophobicity and mineral floatability. This has been proved by the results of microflotation, surface micropolarity detection, and zeta potential measurements. However, the mechanism of Fe3+ improving SOH adsorption on the monazite surface still needs further study. Here, the XPS tests were conducted for monazite before and after treatment with flotation reagent(s) because it is a proven means to analyze the interface interaction mechanism in the mineral flotation system (Zhang et al., 2019). The narrow-scan spectra corresponding to Ce3d, O1s, and Fe2p on the monazite surface in different conditions are shown in Figures 7–9, respectively.
[image: Figure 7]FIGURE 7 | Ce3d XPS spectrum on the (A) pure monazite surface, (B) monazite surface treated with Fe3+, and (C) monazite surface treated with Fe3+ and SOH, respectively.
[image: Figure 8]FIGURE 8 | O1s XPS spectrum on the (A) pure monazite surface, (B) monazite surface treated with Fe3+, and (C) monazite surface treated with Fe3+ and SOH, respectively.
[image: Figure 9]FIGURE 9 | Fe2p XPS spectrum on (A) monazite surface treated with Fe3+ and (B) monazite surface treated with Fe3+ and SOH, respectively.
Ce is the major REE on the surface of monazite and serves as the active site for adsorption of hydroxamic acid type reagents (Zhang and Honaker, 2017). As shown in Figure 7A, on the monazite surface without treatment with reagents, the XPS spectrum of Ce3d displays two peaks at 903.65 eV (3d3/2) and 885.46 eV (3d5/2) BE, ascribed to the Ce3+ ions in the monazite lattice (Espiritu et al., 2018). The peak shifts of Ce3d3/2 and Ce3d5/2 are +0.07 eV and +0.07 eV when Fe3+ was introduced into the pulp (Figure 7B). According to literature studies, if there is chemical bonding, an obvious shift of the XPS peak would be found (Sekine et al., 1996). Now, no obvious shift can be found after Fe3+ addition, which indicates there is no reaction between Fe3+ and the Ce atom on the monazite surface. When monazite was treated with both Fe3+ and SOH, the corresponding peak shifts relative to the mineral surface treated with Fe3+ alone are +0.69 eV for Ce3d3/2 and +0.71 eV for Ce3d5/2, respectively (Figure 7C), which are all obviously greater than the resolution of the XPS instrument 0.2 eV, indicating chemical bonding between SOH and the Ce atom on monazite.
The O1s spectrum was obtained with the peak at the binding energy of about 531 eV (Figure 8). This BE value has been regarded as corresponding to bridging oxygen atoms (Figure 11) of the monazite surface. During hydroxylation of the monazite surface, these bridging oxygen atoms may form oxhydryl (monazite–Osurf–H) on the mineral surface (Tian et al., 2018). When the monazite surface was treated with Fe3+, a −0.52 eV shift from 530.44 to 529.92 eV can be found by comparing the corresponding spectra (Figure 8B), which suggests a chemical interaction of Fe3+ with the hydration hydroxyl on the monazite surface. With both Fe3+ and SOH treatments, the peak in the O1s spectrum shifts by +0.4 eV to 320.32 eV (Figure 8C) in comparison with the O1s spectrum of monazite treated with Fe3+ alone. This may illustrate chemical bonding between the monazite–Osurf–Fe group and the SOH anions, but it is difficult to determine because there are also O atoms in the SOH molecule.
The Fe2p spectra treated by Fe3+ alone and Fe3+/SOH-treated monazite surface are shown in Figures 9A,B, respectively. With only Fe3+ treatment, the peaks for Fe2p1/2 and Fe2p3/2 locate at 725.26 and 711.47 eV, respectively. In the Fe2p spectrum of monazite after treatment with Fe3+ and SOH, both the Fe2p1/2 and Fe2p3/2 characteristic peaks shift to higher BE values, locating at 726.02 and 711.80 eV, respectively. The chemical shifts +0.76 eV and +0.33 eV all suggest an interaction between the monazite–Osurf–Fe group and the SOH anions does occur.
The atom content changes of the Ce, C, Fe, and N elements on the monazite surface were also calculated, and the consequences are shown in Table 2. After treatment with Fe3+, the Fe element (10.68%) occurs at the mineral surface, which also results in the decline of Ce content. When it was treated with SOH only, the C content increases to 15.88%, and the N element (6.09%) is detected on the monazite surface, indicating the adsorption of collector SOH. This also results in the decrease in Ce content on the monazite surface because the SOH anions mainly adsorb on the Ce active sites of the mineral surface, rendering the Ce atom being masked. For the monazite surface treated with both Fe3+ and SOH, the C and N contents increase sharply compared to those after treatment with only the SOH collector, also suggesting an improvement of the adsorption of SOH onto the monazite surface through the addition of Fe3+. This accompanies only a small decrease in the Ce content, meaning that Fe3+ addition may not mainly improve the adsorption of SOH on Ce active sites, but on the newly formed Fe active sites, reflected by the greatly declined Fe content (masked by the adsorbed SOH).
TABLE 2 | Atomic proportions (at. %) of Ce, Fe, and N elements on the monazite surface.
[image: Table 2]Proposed Mechanism
The monazite (100) crystallographic plane is the distinct cleavage, and it would be exposed in large probability during crushing and grinding, so it is the main adsorbed object of flotation reagents (Montel et al., 1996). A 3 × 3 supercell of the monazite crystal was constructed with the (100) cleavage being cut (top view) using the Materials Studio 5.0 package. As shown in Figure 10, the phosphate radical and Ce atom arrange alternately. Due to the surface atoms having the additional dangling bonds, they are commonly active (Gao Z. et al., 2018).
[image: Figure 10]FIGURE 10 | Schematic diagram of the 3 × 3 supercell of the monazite crystal with the (100) cleavage (top view) being cut.
In this paper, due to the absence of Fe3+ in the pulp, the SOH collector adsorbs onto the monazite surface primarily through chelation between the two O atoms of the molecule and the Ce active site. However, due to the fine size of the monazite particles (−26 μm), the adsorption of the collector is uneven and most of the Ce atoms are not present as active sites. The lower adsorption of SOH onto the monazite surface causes lower hydrophobicity, lower zeta potential change, lower N atom content change, and lower flotation recovery of monazite with only the SOH collector. The low hydrophobicity of the monazite surface renders it hard to adhere to the hydrophobic bubbles and be lifted onto the pulp surface (Verrelli et al., 2011; Ralston et al., 1999). With Fe3+ addition into the system, it reacts with the active surface O atom to form monazite–Osurf–Fe groups, which are the newly formed active sites for SOH chelating adsorption. From the results of surface micropolarity detection, zeta potential measurement, and XPS analysis, the greater adsorption of SOH with the monazite surface can be observed after Fe3+ is being added before the addition of SOH, which would result in a dense SOH hydrophobic layer on the monazite surface. Hence, in the tests, the recovery of monazite flotation was improved because of the addition of Fe3+. Figure 11 is drawn to understand the mechanism of improvement of Fe3+ in adsorption of SOH to fine monazite and flotation.
[image: Figure 11]FIGURE 11 | Schematic diagram of the improving mechanism of Fe3+ on the adsorption of SOH on fine monazite flotation: (A) without Fe3+ ions; (B) with Fe3+ ions.
CONCLUSION
The study investigated the effects and mechanism of Fe3+ on improving surface hydrophobicity and flotation of fine monazite with octyl hydroxamate as the collector. The flotation results showed that fine monazite particles (−26 + 15 μm) could not sufficiently float using the SOH collector compared to the coarser fraction (−74 + 38 μm). By adding Fe3+ to the pulp before SOH, the flotation performance of SOH for fine monazite can be significantly improved at moderate pH and reagent doses. The added Fe3+ reacts with the surface O atom on the cleavage of monazite to form the monazite–Osurf–Fe group. Chelation of two O and Fe atoms also functions as a new active site for SOH adsorption. Both the Fe and Ce active sites on the monazite surface can adsorb SOH anions, facilitating the adsorption of SOH on the monazite surface, possibly resulting in a more uniform and dense SOH hydrophobic adsorption layer. This is the reason for the improved flotation behavior.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
ZW conceptualized the idea. YB performed the methodology and validation. QZ and DZ were involved in the investigation and obtaining the resources. ZW and HD curated the data. YQ and DZ wrote the original draft. YQ reviewed the paper, and ZW edited the paper.
FUNDING
This research was funded by the Basic Scientific Research Program of Wenzhou, China (No. G20180031), and the Sichuan Science and Technology Program of China (No. 2021YFG0269).
REFERENCES
 Chandar, P., Somasundaran, P., and Turro, N. J. (1987). Fluorescence Probe Studies on the Structure of the Adsorbed Layer of Dodecyl Sulfate at the Alumina-Water Interface. J. Colloid Interf. Sci. 117 (1), 31–46. doi:10.1016/0021-9797(87)90165-2
 Espiritu, E. R. L., da Silva, G. R., Azizi, D., Larachi, F., and Waters, K. E. (2018). The Effect of Dissolved mineral Species on Bastnäsite, Monazite and Dolomite Flotation Using Benzohydroxamate Collector. Colloids Surf. A: Physicochemical Eng. Aspects 539, 319–334. doi:10.1016/j.colsurfa.2017.12.038
 Farrokhpay, S., Filippov, L., and Fornasiero, D. (2020). Flotation of Fine Particles: A Review. Mineral. Process. Extractive Metall. Rev. , 1–11. doi:10.1080/08827508.2020.1793140
 Gao, Y., Gao, Z., Sun, W., Yin, Z., Wang, J., and Hu, Y. (2018). Adsorption of a Novel Reagent Scheme on Scheelite and Calcite Causing an Effective Flotation Separation. J. Colloid Interf. Sci. 512, 39–46. doi:10.1016/j.jcis.2017.10.045
 Gao, Z., Xie, L., Cui, X., Hu, Y., Sun, W., and Zeng, H. (2018). Probing Anisotropic Surface Properties and Surface Forces of Fluorite Crystals. Langmuir 34 (7), 2511–2521. doi:10.1021/acs.langmuir.7b04165
 Ignatkina, V. A., Shepeta, E. D., Samatova, L. A., and Bocharov, V. A. (2019). An Increase in Process Characteristics of Flotation of Low-Grade Fine-Disseminated Scheelite Ores. Russ. J. Non-ferrous Met. 60 (6), 609–616. doi:10.3103/s1067821219060063
 Jin, J., Gao, Y., Wu, Y., Liu, S., Liu, R., Wei, H., et al. (2021). Rheological and Adhesion Properties of Nano-Organic Palygorskite and Linear SBS on the Composite Modified Asphalt. Powder Technol. 377, 212–221. doi:10.1016/j.powtec.2020.08.080
 Jordens, A., Cheng, Y. P., and Waters, K. E. (2013). A Review of the Beneficiation of Rare Earth Element Bearing Minerals. Minerals Eng. 41, 97–114. doi:10.1016/j.mineng.2012.10.017
 Karakas, F., and Hassas, B. V. (2016). Effect of Surface Roughness on Interaction of Particles in Flotation. Physicochem. Problem. Miner. Process. 52 (1), 18–34. doi:10.5277/ppmp160102
 Liu, A., Fan, M.-q., Li, Z.-h., and Fan, J.-c. (2017). Non-polar Oil Assisted DDA Flotation of Quartz II: Effect of Different Polarity Oil Components on the Flotation of Quartz. Int. J. Mineral Process. 168, 25–34. doi:10.1016/j.minpro.2017.09.003
 Mancheri, N. A., Sprecher, B., Bailey, G., Ge, J., and Tukker, A. (2019). Effect of Chinese Policies on Rare Earth Supply Chain Resilience. Resour. Conserv. Recycl. 142, 101–112. doi:10.1016/j.resconrec.2018.11.017
 Marion, C., Li, R., and Waters, K. E. (2020). A Review of Reagents Applied to Rare-Earth mineral Flotation. Adv. Colloid Interf. Sci. 279, 102142. doi:10.1016/j.cis.2020.102142
 Montel, J.-M., Foret, S., Veschambre, M., Nicollet, C., and Provost, A. (1996). Electron Microprobe Dating of Monazite. Chem. Geology. 131, 37–53. doi:10.1016/0009-2541(96)00024-1
 Nduwa Mushidi, J. (2016). Surface Chemistry and Flotation Behavior of Monazite, Apatite, Ilmenite, Quartz, Rutile, and Zircon Using Octanohydroxamic Acid Collector. Doctoral Dissertation. Golden: Colorado School of Mines.
 Pavez, O., and Peres, A. E. C. (1994). Technical Note Bench Scale Flotation of a Brazilian Monazite Ore. Miner. Eng. 7, 1561–1564. doi:10.1016/0892-6875(94)90047-7
 Peng, H., Luo, W., Wu, D., Bie, X., Shao, H., Jiao, W., et al. (2017). Study on the Effect of Fe3+ on Zircon Flotation Separation from Cassiterite Using Sodium Oleate as Collector. Minerals 7 (7), 108. doi:10.3390/min7070108
 Qian, Y., Ding, W., Wang, Z., and Peng, Y. (2020). New Combined Depressant/collectors System for the Separation of Powellite from Dolomite and the Interaction Mechanism. Minerals 10 (3), 291. doi:10.3390/min10030291
 Ralston, J., Dukhin, S. S., and Mishchuk, N. A. (1999). Inertial Hydrodynamic Particle–Bubble Interaction in Flotation. Inter. J. Miner. Process. 56 (1-4), 207–256. doi:10.1016/s0301-7516(98)00049-0
 Rosa, A. F., and Rubio, J. (2018). On the Role of Nanobubbles in Particle-Bubble Adhesion for the Flotation of Quartz and Apatitic Minerals. Minerals Eng. 127, 178–184. doi:10.1016/j.mineng.2018.08.020
 Sekine, T., Ikeo, N., and Nagasawa, Y. (1996). Comparison of AES Chemical Shifts with XPS Chemical Shifts. Appl. Surf. Sci. 100-101, 30–35. doi:10.1016/0169-4332(96)00251-6
 Sis, H. İ. K. M. E. T., and Chander, S. (2013). Reagents Used in the Flotation of Phosphate Ores: a Critical Review. Miner. Eng. 16 (7), 577–585. 
 Tian, M., Liu, R., Gao, Z., Chen, P., Han, H., Wang, L., et al. (2018). Activation Mechanism of Fe (III) Ions in Cassiterite Flotation with Benzohydroxamic Acid Collector. Minerals Eng. 119, 31–37. doi:10.1016/j.mineng.2018.01.011
 Verrelli, D. I., Koh, P. T. L., and Nguyen, A. V. (2011). Particle-bubble Interaction and Attachment in Flotation. Chem. Eng. Sci. 66 (23), 5910–5921. doi:10.1016/j.ces.2011.08.016
 Wang, Z., Xu, L., Liu, R., Sun, W., and Xiao, J. (2015). Comparative Studies of Flotation and Adsorption with Cetyl Pyridinium Chloride on Molybdite and Fluorapatite. Int. J. Mineral Process. 143, 112–116. doi:10.1016/j.minpro.2015.09.009
 Wang, Z., Ding, W., Xiao, J., Wang, J., and Xu, L. (2019). Adsorption Mechanism of Sodium Octanohydroxamic Acid on the Surface of Monazite and the Corresponding Flotation Performance. Min. Metall.Eng. 39 (1), 58–60. (In Chinese). doi:10.3969/j.issn.0253-6099.2019.01.014
 Yang, X., Liu, Y., Li, C., Song, Y., Zhu, H., and Jin, X. (2007). Rare Earth Elements of Aeolian Deposits in Northern China and Their Implications for Determining the Provenance of Dust Storms in Beijing. Geomorphology 87 (4), 365–377. doi:10.1016/j.geomorph.2006.10.004
 Yoon, R. H., and Luttrell, G. H. (1989). The Effect of Bubble Size on fine Particle Flotation. Miner. Process. Extr. Metall. Rev. 5 (1-4), 101–122. doi:10.1080/08827508908952646
 Zhang, W., and Honaker, R. (2017). A Fundamental Study of Octanohydroxamic Acid Adsorption on Monazite Surfaces. Int. J. Mineral Process. 164, 26–36. doi:10.1016/j.minpro.2017.05.006
 Zhang, W., and Honaker, R. Q. (2018). Flotation of Monazite in the Presence of Calcite Part II: Enhanced Separation Performance Using Sodium Silicate and EDTA. Minerals Eng. 127, 318–328. doi:10.1016/j.mineng.2018.01.042
 Zhang, J., Yang, Y., and Zhang, S. (2007). Determination of Critical Micelle Concentration of Cetyltrimethyl-Ammonium Bromide via Lineshape Parameter Analysis on Vis-Electronic Absorption Spectra. Chin. J. Appl. Chem. 24 (3), 309. doi:10.3969/j.issn.1000-0518.2007.03.014
 Zhang, N., Ejtemaei, M., Nguyen, A. V., and Zhou, C. (2019). XPS Analysis of the Surface Chemistry of Sulfuric Acid-Treated Kaolinite and Diaspore Minerals with Flotation Reagents. Minerals Eng. 136, 1–7. doi:10.1016/j.mineng.2019.03.002
 Zhang, W. (2017). Surface Chemisty Study of Monazite Flotation in Coal Refuse Systems. Theses and Dissertations. Lexington: University of Kentucky.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Zheng, Qian, Zou, Wang, Bai and Dai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-700347-t002.jpg
Samples

Raw monazite

Fe™*-treated monazite
SOH-treated monazite
Fe**/SOH-treated monazite

Elements
Ce c Fe N
24.66 7.46 = -
19.68 7.09 10.68 -
12.36 15.88 = 6.09
10.14 29.24 462 14.43





OPS/xhtml/nav.xhtml
Contents

		Cover

		Surface Mechanism of Fe3+ Ions on the Improvement of Fine Monazite Flotation With Octyl Hydroxamate as the Collector		Introduction

		Materials and Methods		Reagents and Mineral Samples

		Microflotation

		Fluorescence Emission Spectroscopy

		Zeta Potential Measurements

		XPS Detection





		Results and Discussion		Microflotation

		Surface Micropolarity Detection

		Zeta Potential Measurements

		XPS Measurements

		Proposed Mechanism





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		References









OPS/images/fchem-09-700347-t001.jpg
Element content (wt. %)
Mineral TiO, REO 2rO, SiO, ThO, FeO; P05 ALO;

Monazite 0.96 60.15 0.08 219 6567 039 2481 0.41





OPS/images/fchem-09-700347-g011.gif





OPS/images/fchem-09-700347-g010.gif
,,vggﬁggﬁf,









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-09-700347-g005.gif





OPS/images/fchem-09-700347-g006.gif
A4ta potential (m¥)

o sty

DRRTaT





OPS/images/fchem-09-700347-g003.gif
FE§REEREC

ey ATOsey SORMIINE

T

EET





OPS/images/fchem-09-700347-g004.gif
*

ecovery (%)
sesessred

i i

™






OPS/images/fchem-09-700347-g009.gif
Maniter 501

TR R e e W e e
‘Binding Ensrgy/eV- ‘Binding EsergyieV.





OPS/images/fchem-09-700347-g007.gif





OPS/images/fchem-09-700347-g008.gif
Mensit






OPS/images/cover.jpg
* frontiers
in Chemistry

Surface Mechanism of Fe** lons
on the Improvement of Fine
Monazite Flotation With Octyl
Hydroxamate as the Collector





OPS/images/fchem-09-700347-g001.gif





OPS/images/fchem-09-700347-g002.gif





