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Abstract

:

In this study, salicylhydroxamic acid (SHA), which exhibits superior flotation performance to conventional collector benzohydroxamic acid (BHA), was first introduced in ilmenite flotation. The addition of lead(II) can significantly increase the recovery of ilmenite using SHA as collector. Thus, the adsorption mechanism of SHA on lead(II)-activated ilmenite surface was systematically studied using micro-flotation tests, adsorption analysis, zeta potential measurements, Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Micro-flotation results revealed that SHA had stronger collecting ability than BHA, and ilmenite floatability could be activated by lead ions with either SHA or BHA as collector. Ilmenite showed good floatability at pH 6–8 (over 90% recovery) in the presence of Pb2+ and SHA. In such conditions, the main lead species of Pb(OH)+ and Pb2+ acted as active sites and caused positive surface potential shifts, thereby increasing the adsorbed amounts of negatively charged SHA on the surface of the mineral. FTIR and XPS analyses suggested that the lead species was chemically adsorbed on the surface of ilmenite to form active sites chelated by SHA. Moreover, the free lead ions in solution might form the Pb–SHA complexes to adsorb on the mineral surface, thereby increasing the floatability of ilmenite.
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1. Introduction


Titanium, which is a rare metal, has been widely applied in the aerospace sector, in the military industry, for medical devices, and for environmental protection, due to its high strength-to-weight ratio and inertness to many corrosive conditions [1,2]. Titanium ores, which are the important cornerstone of the titanium industry, comprise ilmenite (FeTiO3) and rutile (TiO2). In China, ilmenite ore has ranked first for the production of Ti metal, primarily due to the excessive exploitation and progressive exhaustion of rutile ore in the past [3,4]. Gravity, magnetic, and electrostatic separations, which have been traditionally used to obtain ilmenite concentrate, are increasingly becoming unsuitable for the finely disseminated ilmenite ore [5]. Meanwhile, froth flotation with surface modification has become a rapidly developing method for the beneficiation of ilmenite from raw ore in recent years, and has been receiving increasing attention from researchers [6,7,8].



To date, anionic surfactants (such as sodium oleate, naphthenic soap, oxidized paraffin soap, and hydroxamate) and cationic reagents (including undecyl propyl ether amine and dodecylamine acetate) are commonly used as collectors for the beneficiation of ilmenite ores [4,7,9,10]. Among these collectors, benzohydroxamic acid (BHA) was considered as an effective collector for the flotation of ilmenite, and the flotation mechanism was systematically studied [11]. However, the individual usage of hydroxamate has failed to attain the desired floatability, even in the presence of the large dosage of collector. The potential reason may be the small active sites of ilmenite, which is similar to the cases of wolframite, scheelite, and cassiterite [12]. A common practice to increase surface sites of mineral is surface modification, including microwave irradiation, surface oxidation, and introducing metal ions on its surface [12,13,14,15]. Lead(II) is widely used because it can enhance the floatability of oxide minerals with low cost [16,17], and BHA has been used for the flotation of ilmenite with the activation of lead ions [18]. Nevertheless, previous flotation results showed that BHA does not work as efficiently as expected, because of the poor hydrophobicity and floatability of ilmenite [11]. Thus, a hydroxamate collector with a strong adsorbability on the ilmenite surface should be developed.



Among hydroxamate collectors, salicylhydroxamic acid (SHA) is a promising chelator, due to its one more phenolic group than BHA and has been utilized in cassiterite, malachite, and rutile flotation [19,20,21]. In this work, SHA and BHA as ilmenite collector in the absence and presence of lead(II) were compared using single mineral flotation tests. Moreover, the activation mechanism of lead(II) to ilmenite flotation using SHA as collector was systematically studied by zeta potential measurements, adsorption analysis, Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS).




2. Materials and Methods


2.1. Materials


Ilmenite samples were sourced from Panzhihua (Sichuan Province, China). X-ray powder diffraction data (Figure 1) and chemical composition (Table 1) confirmed that the ilmenite samples were of over 90% purity. After the samples were crushed and screened, the 38–75 μm fractions were used in the flotation tests and −2 μm fractions were utilized for the zeta potential measurements. SHA, BHA, and lead nitrate (Pb(NO3)2) of analytical reagent grade were purchased from Hengxing Co., Ltd., Tianjin, China. H2SO4 and NaOH solutions were adopted to adjust the pH of the system, and demineralized water was used throughout the experiments.




2.2. Flotation Test


Single mineral flotation tests were carried out in an XFG flotation machine with a 40 mL plexiglass cell and at an impeller speed of 1650 rpm. A total of 2.0 g of ilmenite samples was added to 40 mL of distilled water, and the mineral suspension was placed into the flotation cell. After suitable quantities of flotation reagents and pH regulators were added, the pulp was stirred for 3 min and then floated for 4 min. The concentrate and tailing samples were filtered, dried, and weighed, to calculate the flotation recovery under various flotation conditions on the basis of the dry mass of the products. The results calculated in the form of mean value ± standard deviation were plotted and reported using Origin 2015 software.




2.3. Adsorption Measurements


The adsorption measurements of SHA on the ilmenite surfaces treated and not treated with lead(II) were carried out using a TU-1810 UV–visible spectrophotometer (Purkinje General, Beijing, China). For this experiment, 2.0 g of ilmenite sample was introduced to a beaker with 40 mL of distilled water. The suspension was stirred for 1 h after the desired reagent was added to the solution. Then, the solution was centrifuged for solid–liquid separation to obtain the supernatant, which was subsequently used for concentration measurements of the residual reagents. Each experimental sample was tested 3 times to obtain the mean and variance. The adsorption of SHA on the ilmenite surface can be calculated as follows:


Γ = (C0 − C × V)/m,



(1)




where Γ is the amount of SHA adsorbed on the ilmenite surface (mol/g), C0 is the initial quantity of SHA in the solution (mol), C is the residual concentration of the reagent in the supernatant (mol/L), V is the volume of the solution (L), and m is the weight of the mineral (g).




2.4. Zeta Potential Measurements


Zeta potentials were measured using a Delsa-440sx Zeta meter (Malvern Instruments, UK). The suspension was prepared by adding 16 mg of the ilmenite powder (particle diameter: −2 μm) in the beaker with 80 mL of electrolyte solution (KNO3 = 0.01 mol/L). The pH of the suspension was regulated to a required value by the addition of NaOH or H2SO4 solution. The desired amount of reagents was added in the order of lead(II) (when activation occurred) and SHA. The solution was stirred for 15 min by a magnetic stirrer and then allowed to settle for 10 min. The supernatant was filtered and kept for zeta potential measurements. The results presented in this study were averaged from over three independent measurements.




2.5. FTIR Measurements


The ilmenite samples were crushed to less than 3 μm with an agate mortar. A total of 1.0 g of pure minerals and the desired amounts of reagents were placed in a 100 mL beaker of 40 mL distilled water with 30 min of conditioning time. Then, the filtered and dried samples were recorded in the FTIR spectrometer (type NEXUS-470, Nicolet instrument company, Madison, WI, USA).




2.6. XPS Measurements


The Thermo Scientific ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the XPS spectra of ilmenite powders with and without lead(II), at the desired pH and dosage of SHA. The Al Kα X-rays meter with an energy of 12 kV and 6 mA was operated for observations.





3. Results


3.1. Effect of Lead Ions on the Flotation Behavior of Ilmenite


Figure 2 shows the effects of pH value on the flotation results of ilmenite ores. As shown in Figure 2 (a1), ilmenite displayed a relatively poor floatability with the treatment of BHA alone as collector, and the maximum flotation recovery was only 57.81% at pH 6.0. Figure 2 (a2) follows the same trend as Figure 2 (a1), but the maximum recovery reached 80.54%. This result indicated the activation effect of lead ions on the flotation of ilmenite using BHA, which was considerable in accordance with the results of Xu et al. [11] Figure 2 (b1) shows that, without the addition of lead ions, the recovery of ilmenite increased fro.54% to a maximum of 78.54%, with the increase in pH from 4 to 6, remained constant in the pH range of 6.0–8.0, and decreased slowly with the increase in pH from 8 to 11. As shown in Figure 2 (b2), the floatability of ilmenite under the action of SHA was enhanced significantly from pH 4–11 after treatment with Pb2+. The maximum recovery value reached 92% over the optimum pH range from 6.0 to 8.0, and the recovery increases reached approximately 13.7% and 11.7% compared with those treated with SHA alone and BHA–Pb2+, respectively. This finding showed that SHA had better collection ability than BHA, and the flotation recovery of ilmenite could be enhanced greatly with the addition of lead ions.



Figure 3 shows a monotonic increase in the recovery of ilmenite with the increase in lead nitrate concentration. Over 80% and 92% of ilmenite particles were floated out when Pb2+ concentration reached approximately 1 × 10−4 M, using SHA and BHA as collectors, respectively. The addition of Pb2+ significantly improved the recovery of ilmenite using SHA or BHA as collectors. The activation mechanism of lead ions in the flotation of ilmenite using SHA as collector was regarded as the key research object in the subsequent analysis, in view of the fact that the adsorption mechanism of BHA on ilmenite in the presence of lead species has been investigated by [11,22].




3.2. Effect of Lead Ions on the Adsorbed Amounts of SHA on the Surface of Ilmenite


To characterize the effects of Pb ions on the adsorbed amount of SHA on the surface of ilmenite, the adsorption amounts of SHA on the surface of ilmenite in the absence and presence of Pb2+ ions as a function of pH were investigated. The results are shown in Figure 4. In the presence of 1 × 10−4 M of lead nitrate and SHA concentration of 2 × 10−4 M, the adsorbed amount of SHA on the surface of ilmenite with and without lead nitrate addition increased from pH 4 to 6, remained constant from pH 6–8, and fell gradually in the end. These findings were in accordance with the flotation results in Figure 2. The maximum adsorption amount of SHA reached 2.12 × 10−6 mol/g using SHA alone and 3.78 × 10−6 mol/g using Pb2+ ions. The adsorption amount of SHA on the surface of ilmenite in the presence of Pb2+ ions reached nearly 2 times that in the absence of Pb2+ ions within the investigated pH range. The adsorption results generally indicated that lead ions significantly increased the adsorption of SHA on the surface of ilmenite, thereby increasing the recovery of the mineral. To further verify the effect of lead ions on the adsorbed amount of SHA, zeta potential measurements were performed. The following section describes these measurements.




3.3. Effect of Pb2+ and SHA on the Zeta Potential of Ilmenite


The zeta potential of minerals is extremely sensitive to the flotation reagents added in the pulp. Thus, the zeta potentials of ilmenite particles in the absence and presence of Pb2+ ions and using SHA as the collector as a function of pH was measured, to investigate the interaction between ilmenite and reagents. The results are presented in Figure 5. The figure shows that the isoelectric point (IEP) of ilmenite was approximately pH 5.40, which was between the previous reports [6,14]. Therefore, the surface of ilmenite was positively charged at a pH less than 5.40 and negatively charged at a pH greater than 5.40. When SHA was added to the pulp suspension, the zeta potential of ilmenite was decreased throughout the entire pH range, and the IEP negatively shifted to the pH 5.05. This result was due to the interaction between the SHA and the ilmenite surface. SHA mainly exists in its molecular form in acid solution and ionizes increasingly to produce additional negatively charged SHA ions with the increase in pH value, due to the dissociation of the hydroxyl group from hydroxamic and phenolic acids [19]. The low magnitude of SHA ions is generated in acidic solutions to interact with the surface of ilmenite. As a result, the negative shift of the zeta potential of ilmenite upon the addition of SHA under acidic conditions was smaller than that under alkaline conditions (Figure 5).



Figure 6 shows the distribution coefficients of various lead hydroxyl complexes in aqueous solutions as a function of pH [23]. The predominant lead species varied with the pH as follows: the dissociated Pb2+ and Pb(OH)+ dominated in the aqueous solution, with pH less than 7 and pH between 7 and 10, respectively. Therefore, in the optimum pH range for ilmenite flotation (pH = 6–8), the main species were Pb(OH)+ and Pb2+. At pH > 8, the amounts of Pb(OH)2,   Pb(OH) 3 –  , and   Pb(OH) 4  2 –    gradually increased. These species became the major lead ingredients in the solutions at pH > 10. As shown in Figure 5, the addition of lead ions greatly enhanced the zeta potential of ilmenite, especially within the pH range between 6 and 8, due to the adsorption of Pb(OH)+ and Pb2+. Furthermore, the IEP appeared at approximately 8.4. The maximum positive shift of the zeta potentials of ilmenite was observed at pH 6.0–8.0, and the zeta potential shift gradually decreased above pH 8. A negative shift occurred in the zeta potential of the mineral near pH 12 because of the adsorption of   Pb(OH) 3 –     Pb(OH) 4  2 –   , and OH−.



When Pb2+ and SHA were present, the zeta potential of activated ilmenite had a larger negative shift (decreased by approximately 16 mV in the pH region from 6.0 to 8.0) than that with SHA addition alone. This result was consistent with the those of previous flotation and adsorption experiments. Owing to lead species that adsorbed on the ilmenite surface and acted as active sites, SHA could be firmly chelated on the mineral surface. Compared with the direct ilmenite flotation without lead ions, the anion SHA collector did not have to overcome electrostatic repulsion and was therefore more easily adsorbed on the positively charged ilmenite surface.




3.4. FTIR Analysis


The experiments of the adsorption measurements and zeta potential proved that lead ions played a positive role in the adsorption of SHA on the surface of ilmenite. To further clarify the reaction mechanism between reagents and minerals, the FTIR analyses of SHA, ilmenite without any disposal, ilmenite treated with SHA alone, and ilmenite treated with lead ions and SHA at pH 6.0 were conducted. The results are shown in Figure 7.



In the infrared (IR) spectrum of SHA, the band at 3289 cm−1 was attributed to the stretching vibration absorption of the phenolic hydroxyl group [24]. The peaks developed at 3112 and 3053 cm−1 were due to the N–H stretching vibration [25]. The peak appearing at 1619 cm−1 was the C=O stretching vibration peak, and the broad bands at 2686 and 2555 cm−1 were attributed to the O–H group that formed intermolecular hydrogen bonds with C=O. The absorption peak at 1353 and 1315 cm−1 was ascribed to the N–O stretching vibrations [26], and the peak at 1246 and 1030 cm−1 was attributed to the aromatic C–H in-plane deformation of the aromatic ring [27]. The bands at 905 and 747 cm−1 were due to the C–H out-of-plane bending vibrations of benzene rings [22]. After treatment with SHA alone at pH 6, a new IR absorption peak at 1642 cm−1 appeared on the IR spectrum of ilmenite. A shift of 23 cm−1 occurred relative to the peak at 1619 cm−1, that belonged to the C=O stretching vibration peak in the SHA spectrum, thereby suggesting that SHA was chemically adsorbed on the ilmenite surface. After treatment with Pb2+ and SHA, the absorption intensity at 1644 cm−1 increased (shifted by 25 cm−1). This phenomenon revealed that the content of SHA adsorbed on the surface of the ilmenite significantly increased with the activation of lead ions. A strong chemisorption occurred for SHA species on the lead(II)-activated ilmenite surface. The disappearance of the O–H stretching peak might be attributed to the formation of O-metal bonds [28], which indicated chelation from the C=O and O–H groups. In addition, several new peaks from 1300 cm−1 to 1900 cm−1 appeared, due to the changes in the benzene ring structure caused by the chelating group of Pb–SHA [11]. The FTIR spectra of ilmenite before and after conditioning revealed that SHA not only adsorbed on the surface of ilmenite by chemical adsorption, but also chelated with lead species that adsorbed on the ilmenite surface. This phenomenon increased the collector adsorption.




3.5. XPS Analysis


XPS analysis is widely used for the investigation of the atomic composition and chemical state of the matter surface. An XPS analysis of ilmenite before and after Pb2+ and SHA treatment at pH 6.0 was conducted to further study the adsorption mechanism between SHA and ilmenite activated with lead ions, and the results were shown in Figure 8.



The XPS spectra in Figure 8 and the relative amounts of elements in Table 2 showed that the Fe(2p), O(1s), Ti(2p), and C(1s) peaks were observed at the XPS spectra of pure ilmenite [29], and the C(1s) peak ascribed mainly to the carbon background peak introduced during XPS measurement and partially to the contamination of CO2 and hydrocarbons on the process of sample preparation. After SHA treatment, a new weak peak for N(1s) was detected on the ilmenite surface. Moreover, the relative amount of N(1s) on the surface of the ilmenite was 0.62%, which was attributed to the chelation of SHA to the surface of ilmenite. When ilmenite was only treated with lead ions, an evident Pb(4f) peak appeared at around 138.5 eV. The relative content of Pb(4f) on the ilmenite surface was 1.43%, which suggested that lead species largely adsorbed on the surface of ilmenite. Compared with SHA or lead ion treatment alone, the presence of lead ions and SHA generated more evident peaks at Pb(4f) and N(1s). The relative amounts of Pb(4f) and N(1s) doubled to 2.4 and 1.21%, respectively. The mutual promotion of the adsorption of lead ions and SHA on the surface of ilmenite indicated that the lead ions adsorbed preferentially on the mineral surface enhanced the adsorption of SHA. Moreover, the free lead ions in the solution might form a complex with SHA to adsorb on the ilmenite surface. This adsorption mechanism was similar to that of Pb(II)/BHA for ilmenite flotation [18]. Notably, in order to avoid detection errors of the surface elements content, three tests were conducted for the atomic concentration of the mineral surface, and the remaining two results (Table S1) attached to the attachment were consistent with the trend in Table 2.



In order to further detect the detailed information about the chemical status of surface species, high-resolution XPS spectra were characterized in Figure 9. Figure 9a shows the high-resolution XPS Fe2p3/2 spectra of ilmenite, before and after conditioning with Pb2+ and SHA. In these spectra, the peaks occurring at around 710.8 eV and 713.7 eV were respectively assigned to ferrous species and ferric species [30,31]. After Pb2+ activation, the Fe2p3/2 binding energy of ferrous and ferric species shifted for −0.6 and −0.5 eV, respectively, suggesting that the Pb species can interact with the ilmenite surface and change the chemical circumstance of Fe species. Moreover, when the ilmenite was treated in the order of lead nitrate and SHA, the binding energies for ferrous and ferric species were further negatively shifted 0.1eV and 0.4 eV, suggesting the chemical reaction of SHA with Fe sites. Titanium species on the surface of ilmenite had similar results with iron species on the chemical environment change caused by the adsorption of flotation reagents, as demonstrated in Figure 9b. The binding energies of 458.1 eV for Ti2p3/2 spectra peaks were observed at the high-resolution XPS spectra of pure ilmenite [28]. After the addition of Pb2+ and the treatment of Pb2+ and SHA, the binding energy of Ti2p3/2 was negatively shifted to 457.5 eV and 457.1 eV, respectively, revealing that Pb2+ and SHA might bond with Ti species of ilmenite surfaces.



As presented in Figure 8, the Pb4f7/2 XPS spectra could not be fitted with its characteristic peak, because of the low peak intensity of ilmenite samples without Pb2+ treatment. Figure 9c shows the Pb4f7/2 spectra of Pb2+-activated ilmenite, before and after SHA treatment. The Pb4f7/2 XPS spectra of the ilmenite surfaces that were treated with Pb ions were fitted with a binding energy of 138.5 eV, and this peak belonged to PbO species [30]. After treatment with Pb ions and SHA, the binding energies of Pb4f7/2 shifted to 138.7 eV, indicating the interaction of SHA with the lead species adsorbed on the mineral surface.



The O1s high-resolution XPS spectra of the ilmenite surfaces that were treated with different flotation reagents were recorded in Figure 9d. Table 3 presents the detailed values of the binding energies, chemical states, and species distribution in the O1s spectra for mineral samples conditioned with different flotation reagents. The O1s spectrum of the pure ilmenite includes three diverse characteristic peaks with binding energies, at approximately 530.3, 531.7, and 532.3 eV. The spectral peak centered at approximately 530.3 eV was attributed to Ti–O species, 531.7 eV was assigned to Fe–O species, and 532.3 eV was ascribed to H–O species on the ilmenite surface [32,33,34]. After Pb-treatment and Pb-SHA-treatment, the spectrum peak of Ti–O was negatively shifted to 530.1 eV and 529.9 eV, respectively. This suggests that lead species would interact with active titanium sites to form new Ti–O–Pb sites on the ilmenite surface, subsequently promoting the SHA adsorption. As for Fe–O bond on ilmenite surfaces, its relative intensity increased from 11.67% of pure ilmenite to 15.42% of lead-activated ilmenite, and then to 30.4% of lead-SHA-treated ilmenite, while that of H–O bonds decreased from 44.96% to 28.28%, and further to 19.44%. These results illustrated that Pb2+ would interact with active iron sites to form new Fe–O–Pb sites; meanwhile, SHA replaced OH– ions to bond with these new active metal sites, improving the floatability of ilmenite.



In summary, the potential adsorption mechanism of SHA on the lead(II)-activated ilmenite surface (Figure 10) could be presumed as follows: when Pb2+ was added to the ilmenite suspension, a portion of lead species was adsorbed with the Ti–O and Fe–O sites to form new Fe/Ti–O–Pb sites, and thus SHA simultaneously chelated with Ti/Fe–O and Fe/Ti–O–Pb sites. Moreover, some of the lead ions remaining in the slurry solution possibly formed the Pb–SHA complexes to adsorb on the mineral surface, thereby increasing the floatability of ilmenite. Notably, the chelation of the phenolic hydroxyl group with the C=O group was not considered for the simplification of the adsorption model in Figure 10.





4. Conclusions


SHA is a highly efficient flotation collector that can achieve better floatability of ilmenite than BHA in the pH range of 6–8. Lead ions can also greatly activate the flotation behavior of SHA to ilmenite, which was investigated using flotation tests, adsorption and zeta potential measurements, FTIR, and XPS analysis. The flotation and adsorption tests show that lead ions can significantly increase the adsorbed amounts of SHA on the mineral surface. This condition benefits ilmenite flotation, especially at pH 6.0–8.0. The obtained zeta potential measurements indicate that, in the optimum pH range for ilmenite flotation, the main species adsorbed on ilmenite are Pb(OH)+ and Pb2+. These species act as active sites and cause positive surface potential shift, thereby enabling negatively charged SHA to be chelated on the mineral surface easily. FTIR and XPS analyses indicate that lead species increase the chemical adsorption of SHA on the surface of ilmenite.
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Figure 1. XRD pattern of the ilmenite. 
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Figure 2. Effects of pH on ilmenite flotation recovery in the absence and presence of Pb2+ ions, using salicylhydroxamic acid (SHA) and benzohydroxamic acid (BHA) as collectors (C(BHA) = 2 × 10−4 M, C(SHA) = 2 × 10−4 M, C(Pb2+) = 1 × 10−4 M). 
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Figure 3. Effect of Pb2+ concentration on ilmenite flotation recovery using SHA and BHA (C (BHA) = 2 × 10−4 M, C (SHA) = 2 × 10−4 M, pH = 6.0). 
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Figure 4. Effect of pH on the SHA adsorption in the absence and presence of Pb2+ ions (C (SHA) = 2 × 10−4 M, C (Pb2+) = 1 × 10−4 M). 
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Figure 5. Zeta potentials of ilmenite as a function of pH (C (Pb2+) = 1 × 10−4 mol/L. C (SHA) = 2 × 10−4 mol/L). 
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Figure 6. Distribution coefficients of various lead hydroxyl complexes in aqueous. solutions as a function of pH [23]. 
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Figure 7. FTIR spectra of ilmenite before and after conditioning with Pb2+ and SHA. 
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Figure 8. XPS survey spectra of ilmenite, before and after Pb2+ and SHA treatment. 
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Figure 9. High-resolution XPS spectra of ilmenite, before and after Pb2+ and SHA treatment (a: Fe2p3/2; b: Ti2p3/2; c: Pb4f7/2; d: O1s). 
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Figure 10. Schematic of the adsorption model SHA on the ilmenite surface after Pb2+ activation. 
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Table 1. Chemical composition of the ilmenite samples.
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	Component
	TiO2
	Fe2O3
	SiO2
	CaO
	MgO
	Al2O3
	MnO





	Content (%)
	50.97
	41.79
	1.96
	1.48
	2.17
	0.89
	0.74
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Table 2. Relative atomic concentrations of elements on ilmenite surfaces.
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Samples

	
Element (%)




	
C(1s)

	
Ti(2p)

	
Fe(2p)

	
O(1s)

	
Pb(4f)

	
N(1s)






	
Ilmenite

	
45.00

	
11.44

	
6.33

	
37.23

	
-

	
-




	
Ilmenite + SHA

	
45.77

	
10.27

	
6.03

	
37.31

	
-

	
0.62




	
Ilmenite + Pb2+

	
44.81

	
10.21

	
5.96

	
37.59

	
1.43

	
-




	
Ilmenite + Pb2+ + SHA

	
46.13

	
8.25

	
4.05

	
37.96

	
2.4

	
1.21
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Table 3. O1s parameters on ilmenite surfaces treated with different flotation reagents.
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Sample

	
Binding Energy (eV)

	
Assignment

	
Area Ratio (%)






	
Ilmenite

	
530.3

	
Ti–O

	
43.37




	
531.7

	
Fe–O

	
11.67




	
532.3

	
H–O

	
44.96




	
Ilmenite+Pb2+

	
530.1

	
Ti–O

	
56.30




	
531.3

	
Fe–O

	
15.42




	
532.2

	
H–O

	
28.28




	
Ilmenite+Pb2++SHA

	
529.9

	
Ti–O

	
50.16




	
531.3

	
Fe–O

	
30.40




	
532.3

	
H–O

	
19.44
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