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Abstract

:

The most common beneficiation method for feldspar is flotation with a cationic (amine) collector under acidic conditions. However, there are several disadvantages to this, such as environmental pollution and equipment corrosion. In order to resolve such problems, it is important to study the flotation of feldspar using anionic collectors under natural pH conditions. The purpose of this paper is to study the effects and mechanism of Fe3+ on flotation separation of feldspar and epidote using sodium oleate (NaOL) at a natural pH. Through flotation experiments, adsorption measurements, zeta potential testing, FTIR analysis and X-ray photoelectron spectroscopy (XPS), the mechanism of Fe3+ on the surface of feldspar and epidote is revealed, and the reason behind the difference in flotation of the two minerals is discussed. The flotation test results show that Fe3+ can significantly improve the flotation behavior of minerals when NaOL is used as a collector under natural pH, and the highest recovery rates of feldspar and epidote are 90% and 43%, respectively. Analysis of the solution and adsorption measurement results show that Fe3+ is adsorbed on the minerals′ surface in the form of Fe(OH)3, which promotes the adsorption of NaOL on the minerals’ surface through Fe(OH)3, activating the flotation of feldspar and epidote. The difference in adsorption of Fe3+ between feldspar and epidote is the reason for this difference in flotation behavior. The results of the zeta potentials show that after being treated with Fe3+, the electrostatic adsorption of NaOL displays a significant negative shift on the surface of feldspar, while there is almost no electrostatic adsorption of NaOL on the surface of Fe3+-treated epidote. FTIR analysis confirmed that the difference in the adsorption of Fe3+ and NaOL on the surface of feldspar and epidote is due to the fact that there are more active particles (metal bonds) on the surface of feldspar than on the surface of epidote, and the properties of these metal bonds can be changed by Fe3+, which allows NaOL to be more easily adsorbed on the mineral surface through –COO−. The possible adsorption form is “mineral-Fe3+–COO−“. Compared with the infrared spectrum of epidote, there is a new absorption peak at 1713.68 cm−1, which can be attributed to the C=O characteristic peak of NaOL in the infrared spectrum of Fe3+–NaOL-treated feldspar, which is why the floatability of feldspar is better than epidote. XPS confirmed that the Fe on the surface of feldspar is Fe3+ in the form of Fe(OH)3, while Fe on the surface of epidote is mainly Fe2O3 (Fe–O) contained in mineral crystals. Furthermore, there is less adsorption of Fe3+ on the surface of epidote, and this discrepancy leads to the difference in the adsorption of NaOL on the minerals’ surface, which itself leads to the difference in flotation behavior between feldspar and epidote. These findings indicate that the flotation separation of feldspar and epidote can be achieved using Fe3+ and NaOL under natural pH. This study may provide a reference for the flotation mechanism of feldspar and epidote under natural pH.
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1. Introduction


Feldspar is a widely distributed rock-forming mineral located in the crust [1,2], and is widely used in the glass and ceramics industries. Feldspar can usually be divided into two types—pegmatite and magmatic rock [3], among which tuff is a ubiquitous magmatic rock. In this type of rock, feldspar is often associated with epidote, quartz, and others. There have been many studies on the flotation separation of feldspar and quartz [4,5,6,7,8], but there are few on the separation of feldspar and epidote. “Although there are studies on the purification of feldspar and epidote minerals by chemical and physical separation methods such as leaching, shaking table, magnetic separation and calcination [9,10,11,12]; the flotation method, which is a physicochemical separation method, stands out as a more economical technique”. Feldspar and epidote are both aluminosilicate minerals with similar surface properties, which are difficult to separate by flotation. This makes enrichment and recovery of this type of feldspar difficult. Therefore, it is meaningful and necessary to study the flotation separation of feldspar and epidote.



The flotation method is commonly used in production to enrich and recover feldspar. The main processes include the acid and fluorine, acid and fluorine-free, and acid-free and fluorine-free methods [13,14,15,16,17]: (1) the acid and fluorine method is an older and more traditional process. The mechanism is that when the pH of the slurry is 2~3, the Si–O bond on the feldspar surface is eroded by hydrofluoric acid, and large number of Al3+ active particles are exposed on the feldspar surface. Furthermore, the F− generates [SiF6]2− and forms stable complexes with Al3+, K+ and Na+ on the feldspar surface to increase its electronegativity, and cationic collectors (amines) are used to preferentially float the feldspar. This method has been gradually replaced by improved processes due to the associated corrosion of equipment pipelines by fluorine-containing acidic wastewater and its toxicity to the environment. (2) In the acid and fluorine-free method, feldspar is preferentially floated by anionic and cationic mixed collectors by using the difference in the zero electric point on the surface of feldspar and other minerals under the same pH value. Here, control is very important: a too high or too low a pH value will not permit the separation of feldspar and other minerals. This is difficult to control in the actual production process. (3) The acid-free and fluorine-free method generally consists of flotation in an alkaline medium. Under alkaline conditions, an anionic collector and a metal ion activator are used to preferentially float other minerals to achieve the enrichment of feldspar. The ratio and pulp environment have strict requirements, and the production index fluctuates greatly and is difficult to control. Few studies have reported the flotation of feldspar in neutral media (natural pH). Therefore, in order to reduce environmental pollution and equipment corrosion, it is necessary to study the flotation of feldspar with anionic collectors under a natural pH value.



In the anionic collector system, metal ions have a significant, positive impact on the flotation of aluminosilicate minerals such as feldspar and epidote, as they promote the adsorption of collectors on the mineral surface in the form of precipitation or adsorption [18,19,20,21,22]. However, the mechanism of Fe3+ on the surface of feldspar remains largely unclear under natural pH. Therefore, to increase the separation of feldspar from epidote, it is very necessary and important to investigate the effect and mechanism of Fe3+ on the flotation separation of these two minerals.



The purpose of this paper is to study the effect and mechanism of Fe3+ on the flotation separation of feldspar and epidote with NaOL as a collector under natural pH value. For this purpose, we evaluated the effect of Fe3+ on minerals’ flotation through micro-flotation experiments. The adsorption and mechanism of Fe3+ on the surface of the minerals were analyzed by adsorption measurements, zeta potential tests, FTIR analysis and XPS investigations. This paper discusses the role of Fe3+ in the selective flotation of feldspar, and provides a possible new method for flotation of feldspar under a natural pH value.




2. Experiments


2.1. Samples and Reagents


Feldspar and epidote were obtained from Xinjiang province and Hebei in China, respectively. The lump ore was crushed and selected by hand, then ground to −0.074 mm with a porcelain ball mill and placed in a grinding bottle for use. X-ray diffraction (XRD) spectra (Figure 1 and Figure 2) analyses indicated that only the diffraction peaks of feldspar and epidote were detected. Chemical composition analysis was used on ore samples (Table 1). The purity of the ore samples met the experimental requirements.



In the experiment, sodium oleate (NaOL) was selected as the collector, which was purchased from Tianjin Damao Chemical Reagent Factory. Ferric chloride (FeCl3 6H2O) was used to produce Fe3+, purchased from Tianjin Fuchen Chemical Reagent Factory. Sulfuric acid (H2SO4) and sodium carbonate (Na2CO3) (pH regulator) were purchased from Tianjin Bodi Chemical Co., Ltd, Tianjin, China. All the reagents were analytical grade. The deionized (DI) water was used in the whole tests.




2.2. Flotation Experiments


The process of the flotation experiments is shown in Figure 3. To ensure the reproducibility of the experiments, each experiment was conducted three times. Flotation experiments were performed in an XFG micro-flotation machine (Changsha Shunze Mining and Metallurgical Machinery Manufacturing Co., Ltd., Changsha, China) at 25 °C. Initially, 2.0 g of mineral and 40 mL of water were added into a cell, and then agitated for 1 min. Then, the pH value was adjusted using H2SO4/Na2CO3 and agitated for 3 min and kept stable for 1 min. Then, Fe3+ and sodium oleate (NaOL) were added sequentially, and at each step were agitated for 3 min. Next, flotation was performed for 3 min, followed by filtering, drying and weighing of the foam and tailing. Finally, we calculated the recovery rate using Formula (1).




2.3. Adsorption Measurement


We added 2.0 g of feldspar and epidote and 40 mL DI water into the flotation cell, then stirred the mixture for 1 min. Fe3+ and reagents were added into the ore pulp as necessary, and each step was stirred for 3 min. The whole process was made to be as similar as possible to the flotation process. Finally, the ore pulp was centrifuged using a TG16-WS centrifugal machine (Thermo Fisher Scientific Inc., Shanghai, China) at 10,000 r/min for 20 min. The concentration of total organic carbon of NaOL in the suspension supernatant was detected by a total organic carbon analyzer (Shimadzu, Kyoto, Japan). The adsorption density was calculated using Formula (2):


  R =    m 1     m 1  +  m 2     ×    100 %  



(1)






  Γ =    (   C 0  − C  )  V   m A    ×    100 %  



(2)




where Γ represents the adsorption of NaOL on minerals (mg/m2); C0 and C represent the initial and residual dosage (mg/L) of NaOL, respectively; V represents the volume (L); m represents the weight (g) of minerals; and A represents the BET surface area (m2/g) of minerals.




2.4. Zeta Potential Test


We ground the pure mineral sample to a particle size of −5 μm. In every experiment, we weighed 24 mg of sample and placed it in a beaker, then added 40 mL of distilled water containing 1 mM KCl as a supporting electrolyte, and added the same agents dosages according to slurrying conditions, which were as similar as possible to the flotation test. We stirred the mixture with a magnetic stirrer for 3 min at 25°, and then measured the zeta potential of the mineral surface using a Zetaplus Zeta analyzer (DELSA-440SX), Tokyo, Japan. Each sample was measured three times and the average value was taken. The systematic error is within 5%.




2.5. FTIR Analysis


The infrared spectra of minerals before and after being treated with reagent were measured using the diffuse reflectance mode of an IRAffinity-1S (Shimadzu Co., Ltd., Kyoto, Japan). We ground the pure mineral sample to −5 μm, added 2.0 g to a beaker with 40 mL DI water, added a solution of the appropriate concentration and stirred well for 10 min. We let it stand until the minerals settled completely. Then, the minerals were washed twice with DI water, filtered, dried naturally and sent for testing.




2.6. XPS Investigation


The preparation of the mineral sample used for XPS investigations uses the same method as that of the micro-flotation experiment. XPS investigations were performed with a K-Alpha 1063 spectrometer (Thermo Scientific, Waltham, MA, USA). Avantage 5.965 software was used to analyze and fit the XPS peaks. All binding energies were referenced to the neutral C1s spectrum at 284.8 eV to compensate for the surface-charging effect.





3. Results and Discussion


3.1. Flotation Experiments and Adsorption Measurements


Figure 4 shows the flotation behavior of minerals and the adsorption capacity of NaOL on the mineral surface. Figure 4a shows the flotation recovery of feldspar and epidote as a function of pH using 1.0 × 10−3 mol/L NaOL. The results clearly show that Fe3+ has a positive effect on the flotation separation of feldspar and epidote. In the absence of Fe3+, the floatability of feldspar and epidote minerals with NaOL as the collector are poor. Under natural pH, the maximum recoveries of feldspar and epidote are approximately 27% and 17%, respectively. This phenomenon may be due to the fact that feldspar and epidote are hydrophilic minerals. In the presence of Fe3+ (1.0 × 10−3 mol/L), the floatability of feldspar and epidote is significantly enhanced. The flotation recovery of feldspar increases with increasing pH until pH 8.67, and then decreases rapidly, and the maximum recovery of feldspar is about 90% at natural pH (pH = 8.67). The flotation recovery of epidote increases with the increasing pH until pH 9.25, and then decreases rapidly, and the maximum recovery of epidote is about 43%.



Figure 4b shows the flotation recovery of feldspar and epidote in the presence of various Fe3+ concentrations as a function of NaOL concentration at natural pH. The results show that, in the absence of Fe3+, the floatability of feldspar and epidote is very poor, and the changes are not obvious when the concentration of NaOL is changed. In the presence of Fe3+, the recovery rate of the minerals can significantly be improved. The flotation recovery of feldspar and epidote increases with the increasing concentration of NaOL. When the concentration of Fe3+ is 1.0 × 10−4 mol/L, the disparity of recovery of feldspar and epidote is 41%. When the concentration of Fe3+ is 1.0 × 10−3 mol/L, this disparity is 47%. However, the recovery of epidote is lower when the concentration of Fe3+ is 1.0 × 10−4 mol/L. Therefore, the lower concentration of Fe3+ is beneficial to the flotation separation of feldspar and epidote.



Figure 4c shows the recovery minerals as a function of Fe3+ concentration using NaOL 1.0 × 10−3 mol/L under natural pH. The results show that with the increase in Fe3+ concentration, the flotation recovery of feldspar and epidote increases rapidly, and the activation effect of Fe3+ on feldspar is obviously greater than that of epidote. In addition, the change in Fe3+ concentration affects the flotation of epidote less than that of feldspar. When the concentration of Fe3+ is 2 × 10−4 mol/L, the disparity in floatability between feldspar and epidote is the largest.



It can be seen from the previous flotation experiments that the floatability of minerals has a strong relationship with the concentrations of Fe3+ and NaOL. To verify whether this inference is correct, we studied adsorption measurements, the results of which are shown in Figure 4d. The results show that the amount of NaOL adsorbed on the surface of feldspar and epidote is very different, and the maximum disparity between the two minerals is 2.4 mg/m2. When the concentrations of Fe3+ on the surface of feldspar and epidote are 5.0 × 10−4 mol/L and 3.0 × 10−4 mol/L, respectively, the amount of NaOL adsorbed on the minerals surface tends to be stable and does not increase with increasing Fe3+ concentration. Adsorption measurements support our earlier inferences that Fe3+ promotes NaOL adsorption on the surface of the minerals and that the amount of NaOL adsorbed on the minerals′ surface is inconsistent, which is also the main reason for the difference in flotation behavior between feldspar and epidote. These results also support the possibility for selective flotation separation of the two minerals.




3.2. Calculation Analysis of the Solution


Through the previous research and analysis, it was found that the difference in flotation behavior between feldspar and epidote is closely related to the adsorption of Fe3+ and NaOL. In order to clarify the type and mechanism of adsorption of Fe3+ and NaOL, we calculated the solution chemistry. The analysis results are shown in Figure 5. Fe3+ and NaOL exist in the form of Fe(OH)3, Fe (OH)2+ and RCOO−, RCOOH, and (RCOO)2–3 under natural pH.




3.3. Zeta Potential Tests


Figure 6 shows zeta potential of minerals with and without Fe3+. It can be seen that the test values of the point of zero charge (PZC) of feldspar and epidote minerals are about pH 2.1 and 4.8, respectively. After the addition of NaOL, the zeta potential on the surface of feldspar and epidote shifted negatively, which indicates that oleate is adsorbed on the surface of the minerals by electrostatic adsorption [23,24,25]. After adding Fe3+, the zeta potential on the surface of feldspar and epidote increased, which means that Fe3+ can be adsorbed on the surfaces by electrostatic adsorption. After adding Fe3+ and NaOL, the zeta potentials of the surfaces of feldspar and epidote are very different. The zeta potential of the feldspar surface shifts negatively, indicating electrostatic adsorption of NaOL on the feldspar surface after the action of Fe3+, while the zeta potential on the epidote surface did not change significantly, indicating that NaOL was not electrostatically adsorbed on the epidote surface after the action of Fe3+.



These results show that Fe3+ and NaOL experiences electrostatic adsorption on the mineral surface, but the adsorption of NaOL on the surface of feldspar is different from that of epidote. Fe3+ can promote the adsorption of NaOL on the surface of feldspar.




3.4. FTIR Analysis


Figure 7 illustrates the FTIR spectra of “minerals-NaOL”, “minerals-Fe3+”, “minerals-Fe3+–NaOL” and NaOL under natural pH. In the FTIR spectra of NaOL, the peaks at 2917.53 cm−1 and 2849.99 cm−1 are the symmetric stretching vibration absorption peaks of –CH3– and –CH2– in –CH– bonds, respectively [20,26,27]. The peak at 1740.71 cm−1 can be attributed to the symmetric stretching vibration of C=O. The peak at 1560.08 cm−1 can be attributed to the asymmetric stretching vibration of –COO−–. The peaks at 1467.51 cm−1 and 1412.72 cm−1 correspond to the symmetrical stretching vibration of –COO–. The peak at 721.10 cm−1 can be attributed to the in-plane bending vibration of –COO–.



The FTIR spectra of feldspar in Figure 7b demonstrates several peaks in the region of 1200–400 cm−1. The peaks at 1139.24 cm−1 and 1095.99 cm−1 are assigned to stretching vibration of Si–O, the peaks at 1031.25 cm−1 and 1008.16 cm−1 are assigned to stretching vibration of Si(Al)–O, the peaks at 787.56 cm−1 and 761.71 cm−1 are assigned to stretching vibration of Si-Si, the peaks at 744.43 cm−1 and 727.85 cm−1 are assigned to stretching vibration of Si–Al(Si), the peaks at 464.98 cm−1 are assigned to stretching vibration coupling of Na–O, the peaks at 648.97 cm−1 and 590.70 cm−1 are attributed to bending vibration of O–Si(Al)–O, the peaks at 533.00 cm−1 are attributed to bending vibration of O–Si–O, and the peaks at 422.09 cm−1 are attributed to bending vibration of Si–O–Si.



From the infrared spectrum of “feldspar-Fe3+” in Figure 7b, it can be seen that the characteristic peaks of metallic bonds on the feldspar surface after being treated with Fe3+ change as follows: the infrared characteristic peaks at 1095.99 cm−1, 787.56 cm−1, 761.71 cm−1, 648.97 cm−1, 533.00 cm−1, 464.98 cm−1 and 422.09 cm−1 were weakened, the peak at 727.85 cm−1 was enhanced, the peaks at 1139.24 cm−1 and 1031.25 cm−1 and 744.43 cm−1 were hardly changed, and the infrared characteristic peaks located at 1008.16 cm−1 and 590.70 cm−1 had more obvious shifts, with offsets of 3.16 cm−1 and 2.86 cm−1, respectively. According to the characteristic peaks of the infrared spectrum of feldspar, Fe3+ can cause the Si–O stretching vibration peak, Si–Si stretching vibration peak, Na–O stretching vibration coupling peak, O–Si(Al)–O bending vibration peak, and the bending vibration peaks of Si–O–Si and Si–O–Si to move in the direction of decreasing wavelength. It can also make the Si–Al(Si) stretching vibration peaks move in the direction of increasing wavelength, and increase the influence of Al in the O–Si(Al)–O stretching vibration and Si(Al)–O bending vibration.



From the infrared spectrum of the “feldspar-Fe3+–NaOL” in Figure 7b, it can be seen that the adsorption of NaOL on the mineral’s surface treated by Fe3+ was significantly enhanced. In the infrared spectrum, there are new peaks at 1538.01 cm−1, 1429.91 cm−1 and 727.70 cm−1, which, when compared with the infrared spectrum of NaOL, can be attributed to the characteristic peaks of –COO–, and these new absorption peaks were shifted by 22.07 cm−1, 17.19 cm−1 and 6.6 cm−1, respectively. Compared with the characteristic peak of C=O of NaOL, a new absorption peak appeared at 1713.68 cm−1 and the peak of the infrared spectrum was shifted by 27.03 cm−1, demonstrating that there was chemisorption between NaOL and feldspar.



The FTIR spectrum of epidote in Figure 7a has several peaks in the 1100–400 cm−1 region. The peak at 1070.76 cm−1 is attributed to stretching vibration of Si–O, the peak at 1033.11 cm−1 is attributed to the stretching vibration of Si(Al)–O, the peak at 951.42 cm−1 is attributed to the stretching vibration of Si–O–Fe, the peak at 762.00 cm−1 is attributed to the stretching vibration of Si–Si, the peak at 712.78 cm−1 is attributed to the stretching vibration of Si–Al(Si), the peak at 456.44 cm−1 is attributed to the stretching vibration coupling of Ca–O, the peak at 648.35 cm−1 is attributed to the bending vibration of O–Si(Al)–O, and the peak at 514.44 cm−1 is attributed to the bending vibration of O–Si–O.



From the infrared spectrum of the “epidote-Fe3+” in Figure 7a, it can be seen that the characteristic peaks of metallic bonds on the epidote surface after being treated with Fe3+ changed as follows: the peaks at 951.42 cm−1 and 712.78 cm−1 were enhanced, with offsets of 1.61 cm−1 and 7.06 cm−1, respectively; the peaks at 1070.76 cm−1, 1033.11 cm−1, 648.35 cm−1, 514.44 cm−1 and 456.44 cm−1 were weakened, with offsets of 4.78 cm−1, 1.83 cm−1, 2.80 cm−1, 7.70 cm−1 and 8.64 cm−1, respectively; and the peak at 762.00 cm−1 was hardly changed. According to the characteristic peaks of the infrared spectrum of epidote, Fe3+ can cause the Si–O stretching vibration peaks, Si(Al)–O stretching vibration peaks, O–Si(Al)–O bending vibration peaks, O–Si–O bending vibration peaks and Ca–O stretching vibration coupling peaks shift in the direction of decreasing wavelength. It can also make the Si–O–Fe stretching vibration peak and Si–Al(Si) stretching vibration peak shift in the direction of increasing wavelength, and make the Si–Si stretching vibration peaks shift slightly.



From the infrared spectrum of the “epidote-Fe3+–NaOL” in Figure 7a, it can be seen that the adsorption of NaOL on the mineral’s surface treated by Fe3+ was significantly enhanced. In the infrared spectrum, there are new peaks at 1540.69 cm−1 and 1417.45 cm−1, which, when compared with the infrared spectrum of NaOL, can be attributed to the characteristic peaks of –COO–, and these new absorption peaks were shifted by 19.39 cm−1 and 4.73 cm−1, respectively. The spectrum indicated that there was chemisorption between epidote and NaOL. However, compared with feldspar, the characteristic peaks of in-plane bending vibration of –COO– did not emerge in the infrared spectrum of “epidote-Fe3+–NaOL”.



Comparing Figure 7a and Figure 7b, respectively, it can be seen that there are more metal bonds on feldspar than on epidote, which means that there are more active adsorption sites on the surface of feldspar than on epidote. This was one of the reasons for the difference in adsorption rates of Fe3+ and NaOL on the surfaces of feldspar and epidote. Compared with the adsorption of NaOL on epidote, there was one more peak of –COO– asymmetry stretching vibration at 1543.74 cm−1 absorbed on feldspar, making the adsorption of NaOL on the feldspar surface stronger and more prevalent than that on the epidote surface. This is consistent with the mineral flotation behavior. From the infrared spectrum of the “mineral-Fe3+–NaOL”, it can be seen that Fe3+ changed the properties of the metal bonds on the minerals′ surface, and allowed the NaOL to be adsorbed on the mineral surface more easily through –COO–. The probable adsorption form is “mineral-Fe3+–COO–”, which is also the reason why Fe3+ can activate mineral flotation when NaOL is used as a collector. This is why Fe3+ can activate mineral flotation using NaOL as a collector. Additionally, the surface of feldspar treated by Fe3+ has more adsorption of C=O, which is also the reason why the floatability of feldspar is better than that of epidote. In summary, the discrepancy in properties between feldspar and epidote was strengthened by Fe3+, which made the adsorption of NaOL on the minerals′ surface very different, resulting in a large difference in flotation behavior between feldspar and epidote. This is beneficial for the flotation separation of the two minerals.





[image: Separations 09 00110 g007 550] 





Figure 7. FTIR spectra of epidote (a) and feldspar (b). 
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3.5. XPS Investigation


The flotation test shows that the activation effect of Fe3+ on feldspar is better than that of epidote. To prove the activation of Fe3+ on the surface of minerals and the influence of a reaction with NaOL, we investigated the X-ray photoelectron spectroscopy (XPS) of minerals. The results are shown in Figure 8 and Figure 9. The main peaks of the spectra are located in the spectra of Fe2p (about 711 eV), Al2p (about 75 eV), Si2p (about 102 eV), C1s (about 284.8 eV), and O1s (about 531 eV) [28,29].



According to the full-spectrum scan results of feldspar and epidote minerals under different treatment conditions, the calculated relative concentrations of surface elements of different minerals can be combined, as shown in Table 2 and Table 3. All binding energies were referenced to the neutral C1s spectrum at 284.8 eV to compensate for the surface-charging effect. The results in Table 2 show that after the reaction of minerals with NaOL, the chemical shifts of O1s, Al2p, and Si2p were not obvious, while that of Fe2p of feldspar reached 710.82 eV, which indicated that chemical adsorption occurred. Therefore, it can be deduced that chemical adsorption between NaOL and Fe2p on the surface of feldspar occurred slightly, promoting the adsorption of NaOL [30,31].



The Fe2p XPS spectra of minerals untreated/treated by Fe3+ are illustrated in Figure 10. The Fe2p spectra were fitted using the 2p1/2 and 2p3/2 doublet. As can be seen in Figure 8, the doublet located at 712.08 eV was attributed to Fe2O3 [32], whereas that at 710.58 eV was attributed to Fe(OH)3 [33]. These findings indicate that Fe in the form of Fe2O3 is present in epidote. A new binding energy peak appeared after treatment with Fe3+, which represented Fe(OH)3. Looking at the fine spectrum of Fe, we can see that on the surface of feldspar it exists in the form of Fe(OH)3, and on the surface of epidote it mainly exists in the form of Fe2O3. This indicates that Fe3+ is rarely adsorbed on the surface of epidote. The Fe present is mainly the Fe of epidote itself. The difference in the amount of iron adsorbed on the surface of the two different minerals is the reason for the large difference in flotation between the two.





4. Conclusions


To analyze the mechanisms of iron ions on feldspar and epidote surfaces, we systematically studied the flotation behavior of the minerals using flotation experiments, adsorption measurements, zeta potential tests, FTIR analysis, and XPS analysis. The main conclusions are as follows.



The data on flotation indicate that Fe3+ and pH values have a significant impact on minerals’ flotation. Feldspar and epidote have poor floatability with NaOL, but when Fe3+ was used, the maximum recovery rates of feldspar increased from 27% to 90%. The optimum condition of flotation of feldspar is 1 × 10−3 mol/L Fe3+ and 1 × 10−3 mol/L NaOL at a natural pH (pH = 8.67).



The adsorption measurements confirmed that the adsorption of NaOL on the surface of feldspar and epidote after treatment with Fe3+ are different, which is the main reason for the difference in the flotation behavior between the two. From the calculation of the chemistry solution, we found that Fe3+ is adsorbed on the surface of the minerals in the form of Fe(OH)3, which promotes the adsorption of NaOL on the surface of feldspar.



Zeta potential tests suggest that electrostatic adsorption occurs between Fe3+ and the surface of minerals. However, the variation in zeta potential on the surface of feldspar and epidote is different after treatment with Fe3+ and NaOL, and the zeta potential on the surface of feldspar is more negative, indicating that NaOL is electrostatically adsorbed on this surface. The zeta potential on the epidote surface has almost no negative shift, indicating that NaOL is not electrostatically adsorbed on this surface.



The FTIR analysis indicates that there are more metal bonds on feldspar than on epidote. Fe3+ could change the properties of the metal bonds on the minerals′ surface, allowing the NaOL to be adsorbed on the mineral surface more easily via –COO–. The probable adsorption form is “mineral-Fe3+–COO–”, which is also the reason why Fe3+ could activate mineral flotation with NaOL as a collector. The discrepancy in properties between feldspar and epidote was strengthened by Fe3+, causing the adsorption of NaOL on the minerals′ surface to be very different and resulting in a large difference in flotation behavior between feldspar and epidote. This is beneficial to the flotation separation of the two minerals.



XPS confirmed that Fe on the surfaces of feldspar and epidote exists in the forms of Fe(OH)3 and Fe2O3, respectively. Fe3+ was adsorbed on the surface of feldspar in the form of Fe(OH)3, while Fe elements on the surface of epidote were mainly Fe2O3 (Fe–O) contained in the mineral crystal. Fe3+ displayed less adsorption on the epidote surface. This discrepancy created the difference in the amount of NaOL adsorbed on the minerals′ surface, which in turn caused the difference in flotation behavior between feldspar and epidote.
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Figure 1. X-ray diffraction (XRD) spectra of feldspar. 
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Figure 2. X-ray diffraction (XRD) spectra of epidote. 
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Figure 3. Flowsheet of single-mineral flotation tests. 
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Figure 4. Flotation recovery of minerals as a function of pH. (a) NaOL concentration under natural pH (b); Fe3+ concentration under natural pH (c); the adsorption as a function of NaOL (d). 
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Figure 5. Species distribution diagrams of NaOL (a) and Fe3+ (b) in solution as a function of pH. 
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Figure 6. Zeta potential of epidote (a) and feldspar (b) with and without Fe3+ as a function of pH. 
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Figure 8. The XPS spectra of feldspar. 
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Figure 9. The XPS spectra of epidote. 
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Figure 10. Narrow scan Fe2p spectra of (a) epidote and (b) feldspar at natural pH. 
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Table 1. Chemical Compositions of the Purified Samples (%).
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	Na2O
	K2O
	SiO2
	Al2O3
	CaO
	Fe2O3





	Feldspar
	10.17
	0.87
	70.26
	17.8
	0.16
	0.06



	Epidote
	-
	-
	40.58
	23.96
	25.11
	9.65
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Table 2. Binding Energy of Surface element Fractions.
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Mineral

	
Binding Energy/eV




	
C1s

	
O1s

	
Fe2p

	
Al2p

	
Si2p






	
feldspar

	
284.8

	
531.79

	

	
74.48

	
102.78




	
feldspar + FeCl3

	
284.8

	
531.87

	
710.82

	
74.57

	
102.9




	
feldspar + NaOL

	
284.8

	
532.02

	

	
74.59

	
102.8




	
epidote

	
284.8

	
531.7

	
712.01

	
74.4

	
102.54




	
epidote + FeCl3

	
284.8

	
531.64

	
711.83

	
74.39

	
102.67




	
epidote + NaOL

	
291.5

	
535.5

	
738.1

	
77.0

	
105.2
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Table 3. Relative Amount of Surface Elements for Minerals.
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Mineral

	
Relative Amount/%




	
C1s

	
O1s

	
Fe2p

	
Al2p

	
Si2p






	
feldspar

	
15.67

	
58.20

	

	
6.68

	
17.28




	
feldspar + FeCl3

	
22.92

	
49.54

	
2.88

	
4.01

	
12.18




	
feldspar + NaOL

	
56.09

	
31.78

	

	
10.78

	
1.35




	
epidote

	
12.20

	
61.93

	
3.29

	
6.07

	
16.37




	
epidote + FeCl3

	
19.96

	
51.25

	
4.36

	
2.99

	
12.82




	
epidote + NaOL

	
53.96

	
32.12

	
0.53

	
8.64

	
4.75
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