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Abstract

:

The traditional hematite depressant starch has the disadvantages of poor solubility and high viscosity. In this study, a novel hematite depressant, pullulan, with better performance and flotation effect than starch was found. The structure, molecular weight and viscosity of pullulan were determined for its characterization. The results of flotation tests revealed that the flotation separation of hematite-quartz by pullulan was better than that of starch for hematite-quartz. The selective depression mechanism of pullulan on hematite was studied by contact angle measurement, zeta potential measurement, FT-IR analyses and XPS analyses. Overall, the weak adsorption of pullulan on quartz did not affect the adsorption of DOPA on the quartz surface. However, it was adsorbed strongly on hematite surface and hindered the adsorption of DOPA. This selective adsorption led to a much greater hydrophobicity of quartz than hematite in the reverse flotation, resulting in the separation of quartz and hematite. Pullulan was adsorbed by chemical bonding between its hydroxyl group and iron sites on the hematite surface. Thus, compared with starch, pullulan was easy to dissolve in water, had low viscosity and good flotation effect, so it was a better hematite depressant.
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1. Introduction


Reverse flotation is considered to be one of the most effective methods for removing gangue minerals from iron oxide minerals. In China, it is usually used in combination with magnetic separation in plants to enrich iron oxide minerals [1,2]. The ore sample entering the flotation operation is a magnetic separation concentrate. Reverse cationic flotation has the advantages of low flotation temperature and a simple reagent system, and occupies an important position in the field of iron oxide mineral flotation, where selective suppression of iron oxide minerals is very important [3].



The flotation separation of hematite and quartz usually adopts a reverse flotation process, that is, hematite is depressed to collect quartz [4]. Therefore, depressants play an important role in reverse flotation of iron ore. Starch is a traditional hematite depressant [2]. The research and development of new hematite depressants are mainly based on polysaccharide compounds, such as carboxymethyl chitosan, curdlan, fungal cellulase, guar gum and CMC [5,6,7,8,9]. In addition, HPAM, tannin, polymaleic anhydride-triethylenetetramine (PMTA) and humic acid are also used as hematite depressants [4,10,11]. However, starch needs to be heated or alkali in preparation, which requires additional energy consumption. Moreover, the viscosity of aqueous solutions such as starch, curdlan, guar gum and CMC are high, and according to the feedback of workers on site, high viscosity will lead to pipe clogging and filtering difficulties [12]. In addition, the current studies have not systematically characterized information such as molecular weight and viscosity of the inhibitors. This was detrimental to the promotion and application of the inhibitors and the reproducibility of the experiments. In this paper, the water-soluble carbohydrate polymer pullulan was used as an inhibitor of hematite.



Pullulan polysaccharide is a kind of water-soluble microbial polysaccharide produced by the fermentation of blastomyces breviflora [13]. The polysaccharide is a straight chain polysaccharide polymerized from the α-1, 4-glycosidic bonded malt trisose repeat unit by linkages through the α-1, 6-glycosidic bond, and has a molecular weight of 20,000–2 million [14].



Pullulan has been studied and applied in many fields. In mineral processing, pullulan was applied as selective depressant of galena-sphalerite and chalcopyrite-talc [15,16]. At present, there has been no study on the application and mechanism of pullulan in a selective hematite depressant role in quartz-hematite reverse flotation. Pullulan was used as a depressant of hematite in this study. The effectiveness of pullulan on the separation of quartz/hematite reverse flotation was verified by flotation tests. The depression mechanism was studied by contact angle, zeta potential, FT-IR and XPS analyses.




2. Materials and Methods


2.1. Minerals and Reagents


The single minerals utilized in this research were all derived from Anshan, China. First, a batch of high purity hematite and quartz was hand-picked, then crushed, ground and screened to obtain powder products of different grain sizes. The products of −74 μm + 45 μm were used for the flotation test and XPS test. The products of −45 μm were used for FT-IR tests. The products of 5 μm were used for zeta potential tests. For 1 × 2 × 0.5 mm block ore, the contact angle tests were carried out after polishing one side. After chemical analyses, the content of SiO2 in quartz samples was 99.25%, the grade of TFe in hematite samples was 69.26%, and the content of FeO was only 0.17%. Therefore, the purity of the single minerals could be satisfied with the experimental requirements.



The reagents used in this study were dodecoxypropylamine (DOPA, collector), pullulan (depressant), starch, sodium hydroxide (pH adjuster), hydrochloric acid (pH adjuster), potassium bromide, potassium chloride. DOPA was purchased from Tianmen Hengchang Chemical Co., LTD. Pullulan was purchased from Plum Biotechnology Group Co., LTD. All other reagents were purchased from Tianjin Kemiou Co., LTD. All reagents were chemically pure except potassium bromide which was spectral pure. Pullulan was dissolved directly in cold water to prepare an aqueous solution. Starch was mixed with NaOH (20% of the starch mass) and heated in a water bath (85 °C) for 15 min to obtain the starch solution.




2.2. Flotation Tests


Flotation tests included micro-flotation tests and mineral mixture flotation tests. The appropriate amount of single mineral (2 g) or mineral mixture (50 g) was added to the flotation cells with 30 mL or 150 mL of deionized water, respectively, according to the process shown in Figure 1. Then the pulp pH was adjusted, the depressant (pullulan and starch) was added, and the collector (DOPA) was added. All the above actions were performed at 2 min intervals. In single mineral tests, the flotation recovery could be obtained after the foam product was filtered, dried and weighed. The mineral mixture flotation test was a reverse flotation test of iron ore; the froth product was tailings and the product in the flotation cell was iron ore concentrate. The total iron content (TFe grade) of the product was obtained by chemical analysis after drying. The flotation machine used for the test was an XFG-II; flotation machine. Each experiment was carried out three times and the average was taken as the final result.




2.3. Molecular Weight Measurements


The relative molecular weight of samples was measured by gel permeation chromatography (GPC). A Pl-gpc 50 gel permeation chromatograph was used for measurement. The selected mobile phase was the aqueous phase. The data obtained were plotted and analyzed by Origin software.




2.4. Viscosity Measurements


The viscosity of pullulan and starch solution was measured by NDJ-1 rotary viscometer (Shanghai Nyirun Intelligent Technology Co., LTD, Shanghai, China). Pullulan was dissolved directly in cold water to prepare an aqueous solution of different concentrations. Rotor 0 was selected for measurement at a speed of 60 r/min.




2.5. Contact Angle Measurements


The contact angle was measured by Dataphysics DCAT21 (Herner, Berlin, Germany) contact angle measuring instrument. The minerals were polished into rectangular blocks of 1 × 2 × 0.5 mm and one side was polished. The block samples were soaked in different reagent solutions for 30 min and then taken out to dry at room temperature. Each test was performed 5 times and the results were averaged.




2.6. Zeta Potential Measurements


Zeta potential on the mineral surface was measured by a Malvern Zetasizer Nano ZS90 zeta potential analyzer (Malvern Company, Grovewood, UK). The 1 × 10−3 mol/L potassium chloride solution was used as the background solution during measurements. Hematite and quartz were treated in different reagent solutions and their supernatant was measured. The measurements were repeated three times; the average value was taken and recorded.




2.7. FT-IR Measurements


FT-IR analyses were performed with a Nexus 670 FT-IR analyzer (Nicolet Corporation, Waltham, MA, USA). The infrared scanning range was 400 to 4000 cm−1. The samples were treated with pullulan and dried at room temperature. With potassium bromide as the sampling background, the mineral and potassium bromide were mixed and pressed. The product was then analyzed to collect its infrared spectrum.




2.8. XPS Measurements


XPS analyses were performed by ThermoFisher K-Alpha spectrometer (Thermo, Waltham, MA, USA). The technical parameters of the measurements were as follows: 1. X-ray source—Al Kα micro-concentrated monochromator (Thermo, Waltham, MA, USA)—spot size (5 μm steps 30–400 μm); 2. Ion gun—energy range 100–4000 Ev; 3. Vacuum was generally 8 × 10−8 and the angle of incidence was 90 degrees.





3. Results and Discussion


3.1. The Characterization of Pullulan


3.1.1. FT-IR Spectroscopy


The structure of pullulan was characterized by infrared spectroscopy. The FT-IR spectra of pullulan are shown in Figure 2. The information on the conformation for the glucopyranosyl unit in the polysaccharide was available in the region 1000–700 cm−1. The peaks at 847.08 cm−1 and 764.64 cm−1 indicated that the pullulan has the 4C1 chair conformation [17]. The absorption peak at 1021.47 cm−1 was attributed to the vibration of the C-O bond at glucose C4 [18]. The band at 1369.21 cm−1 was considered to be the bending vibration of the primary C-OH group at the C6 position [19]. The band at 1641.90 cm−1 was considered to be the valence vibrations of the C-O-C bond and the glycoside bridge [20]. The wide-band of 3432.19 cm−1 was caused by the stretching vibration of -OH in carbohydrates [21].




3.1.2. Molecular Weight Tests


The molecular weight of polysaccharide depressants had a significant effect on their adsorption and inhibition on the mineral surface [22,23]. Figure 3 shows the molecular weight distribution of the pullulan used in this paper. The pullulan molecular weight had two distributions, mainly distribution 1. Distribution 1 had a number average molecular weight (Mn) of 24,608, a heavy average weight (Mw) of 112,500, and a peak molecular weight (MP) of 108,575. Distribution 2 had a number average molecular weight (Mn) of 980, a heavy average weight (Mw) of 1455, and a peak molecular weight (MP) of 1358. The determined value of the molecular weight will help the application and promotion of pullulan in flotation industrialization in the future.




3.1.3. Viscosity Measurement Results


According to the feedback of workers on the flotation site, starch tended to block pipes due to its high viscosity. In addition, the high viscosity of the pulp makes subsequent dewatering operations of the flotation concentrate more difficult [12]. As can be seen from Figure 4, the viscosity of starch was always higher than that of pullulan, and its viscosity also increased with the increase of starch concentration. In contrast, the viscosity of pullulan did not change significantly as its concentration increased. This demonstrated that from a process point of view, pullulan was more appropriate for the industrial production as a depressant.





3.2. Micro-Flotation Results


The floatability of quartz and hematite with DOPA as collector and without depressant is shown in Figure 5a,b. For the purpose of comparison, the recovery of quartz and hematite in the single mineral test was the percentage of the froth product to the total mass. In Figure 5a, the effect of pH on the flotation recovery of quartz and hematite was investigated under the DOPA concentration of 10 mg/L. The flotation recovery of quartz remained stable at about 95% at pH 7–10. The flotation recovery of quartz dropped sharply to 2.14% at pH 12, with almost total loss of floatability. The flotation recovery of hematite had the same trend as that of quartz, but was generally lower than that of quartz. The flotation recovery of hematite remained stable at about 60% at pH 7–11. The flotation recovery of hematite dropped sharply to 0.60% at pH 12, with almost loss of floatability. This was due to the presence of amine collectors in molecular form at pH 12, resulting in a loss of their collector ability [24,25]. Figure 5b shows the changes of quartz and hematite flotation recovery with the increase of DOPA concentration at pH 9. When DOPA concentration was 10 mg/L, the flotation recovery rates of quartz and hematite were 97.11% and 68.56%, respectively. From the results, it can be seen that, although there were some differences between hematite and quartz in floatability, it was necessary to add depressants during the flotation separation.



Figure 5c,d show the effect of pullulan and conventional depressant starch on the floatability of quartz and hematite. As shown in Figure 5c, the hematite flotation recovery was lower than 2% in the range of pH 7–12 after the addition of pullulan (30 mg/L) while at pH 7–11, the flotation recovery of quartz remained above 90% and was not affected by pullulan. At pH 12, the flotation recovery of quartz decreased sharply to 1.52% due to the failure of the collector. Figure 5d shows the changes of quartz and hematite flotation recovery with the increase of pullulan and starch concentration at pH 9. With the increase of pullulan and starch concentration, quartz flotation recovery was not affected. With the increase of pullulan and starch concentration, the flotation recovery of hematite decreased gradually, and the decline rate of pullulan was slightly higher than that of starch. From the results, it can be seen that pullulan increased the difference in the floatability of quartz and hematite. Pullulan was a superior hematite depressant than starch.



The above results demonstrated that pullulan, as a depressant of hematite, widens the floatability difference between quartz and hematite. Figure 6 shows the TFe grade and recovery of iron concentrate obtained from mineral mixture tests. Without the addition of depressant, the TFe grade of iron concentrate was increased from 34.68% to 60.1% but the iron recovery was only 28.75%. Most of the iron was lost. With the addition of depressant, the grade of iron concentrate increased to 65.35% (pullulan) and 64.51% (starch) and the iron recovery was 90.68% (pullulan) and 90.18% (starch), respectively. Pullulan was soluble in cold water, as opposed to starch, which required gelatinization. The flotation effect of pullulan was also slightly better than that of starch. Therefore, pullulan was a superior hematite depressant than starch.




3.3. Contact Angle Analyses


Flotation is to achieve the purpose of mineral separation by enlarging the hydrophobicity difference between different minerals by modifying the surface of reagents [26]. The contact angle is the most intuitive way to express the hydrophobicity of a mineral surface. The larger the contact angle, the greater the hydrophobicity [27]. As can be seen from Table 1, the contact angles of pure hematite and quartz were 29.8° and 31.2°, respectively. The contact angles of hematite and quartz increased sharply to 85.7° and 91.6° after adding collector DOPA. These results indicated that treatment with the collector DOPA increased the hydrophobicity of both minerals simultaneously. This also indicated that the addition of inhibitors was necessary. The contact angle of hematite decreased significantly after pululan was added in advance, while the contact angle of quartz changed little, the values being 52.1° and 89.4°, respectively. After pullulan treatment, the contact angle of the hematite surface was reduced from 85.7° to 52.1°. The change in hydrophobicity of hematite and quartz after the addition of different reagents demonstrated that pullulan could be used as a selective depressant of hematite.




3.4. The Adsorption Analyses


As shown in Figure 7, with the increase of pullulan concentration, its adsorption amount on quartz and hematite surfaces increased. However, the adsorption amount of pullulan on the surface of hematite was much larger than that on the surface of quartz at the pullulan concentration of 10−50 mg/L. This showed that the adsorption capacity of pullulan to hematite was greater than that of quartz, and it is also consistent with the results of contact angle tests.



The adsorption morphology of pullulan on hematite was further observed by atomic force microscopy. Figure 7a,b shows the AFM photographs of the hematite surface before and after the adsorption of pullulan, respectively. Figure 7b showed the natural hematite surface with regular peaks and valleys, which were caused by the crushing process. The valleys on the surface of hematite were filled after the adsorption of pullulan, and pullulan was adsorbed on the surface of hematite in dense needle clusters. Pullulan had a large number of hydrophilic groups, and such intensive adsorption was sufficient to cause hydrophilic modification of the hematite surface.




3.5. Zeta Potential Analyses


Adsorption of reagents on the surface of minerals causes changes in the zeta potential of the mineral surface. This could help to study the adsorption mechanism of reagents with mineral surfaces [28]. The zeta potential of hematite and quartz treated with different reagents is shown in Figure 8. In Figure 8a, the isoelectric point of pure hematite was about 4.1, which had been confirmed by previous studies [11]. The zeta potential of hematite decreased significantly at pH 6–12 when pullulan was added. This indicated that pullulan could adsorb on the surface of hematite, strongly. This was due to the presence of a large number of hydroxyl groups in pullulan, which were negatively charged after dissolution, and their electronegativity increased with the increase of pH [29]. However, when DOPA was added, the zeta potential of hematite changed little. This revealed that the adsorption of pullulan on the surface of hematite prevented the adsorption of DOPA by hematite.



As can be seen in Figure 8b, in contrast to hematite, the zeta potential of quartz had no significant change after the addition of pullulan. This demonstrated that pullulan was not adsorbed on the quartz surface. After the continued addition of DOPA, the zeta potential of quartz was significantly enhanced at pH 3–10. The increase of zeta potential on the quartz surface decreased when the pH was greater than 10, and there was almost no change at pH 12. This was because amine collectors exist in molecular form at pH 12, and are no longer adsorbed on the quartz surface by electrostatic action. This demonstrated that pullulan was not adsorbed on the quartz surface and did not affect the quartz collection by DOPA. This was the key to the separation of quartz and hematite by pullulan as a selective depressant of hematite in iron ore reverse flotation.




3.6. FT-IR Analyses


FT-IR spectroscopy is frequently used to study the characteristic adsorption of reagents on minerals. Figure 9 shows the FT-IR spectra of pure minerals and minerals treated with pullulan. The absorption spectra at 534.86 cm−1 and 458.69 cm−1 in FT-IR spectra of pure hematite were caused by the vibration of Fe−O bond of hematite [30]. The new absorption peak at 3414.56 cm−1 and 2922.86 cm−1 in the pullulan-treated hematite was attributed to the hydroxyl group (−OH) and −CH3 of pullulan. The band of hydroxyl group shifted from 3432.19 cm−1 to 3414.56 cm−1, a 17.63 cm−1 shift. After pullulan treatment, the bands of 534.86 cm−1 and 458.69 cm−1 of pure hematite also moved to 545.16 cm−1 and 467.86 cm−1. This indicated that chemisorption between hematite and pullulan occurred [31]. FT-IR spectra of pullulan’s hematite showed an obvious pullulan absorption peak, and the hydroxyl group had a large displacement, so it was inferred that pullulan’s adsorption with hematite was through hydroxyl groups.



As shown in Figure 8b, the characteristic peaks of quartz were located at 458.49 cm−1, 777.65 cm−1 and 1085.25 cm−1. No new absorption peak appeared on the quartz surface treated by pullulan, and the original characteristic peak did not shift. This indicated that there was no chemisorption between quartz and pullulan. These results were consistent with zeta potential test results, which further indicated that pullulan could adsorb selectively on the surface of hematite.




3.7. XPS Analyses


In order to further reveal the adsorption mechanism between pullulan and mineral surface, XPS was used to analyze the changes of mineral surface elements before and after pullulan treatment. Table 2 shows the changes of surface elements in hematite and quartz.



As can be seen from Table 2, after pullulan treatment, element C on the hematite surface increased by 6.20%, while elements Fe and O decreased by 3.16% and 1.04%, respectively. Therefore, it can be inferred that there was a chemical bond between the hydroxyl group of pullulan and the iron site of hematite. The decrease of element O was caused by hydrogen bonding adsorption. The adsorption of pullulan resulted in the reduction of element Fe and element O. The elemental changes on the surface of the quartz treated with pullulan were minimal. Element C increased by 0.46%, while element O and Si decreased by 0.22% and 0.68%, respectively. This indicated that adsorption between pullulan and quartz surface was weak. Consistent with previous work, Kumar suggested that polysaccharide inhibitors could form hydrogen bonds on quartz surfaces [32].



To further investigate the adsorption mechanism of pullulan and hematite, the C1s and O1s XPS spectra (Figure 10) of pullulan treated hematite were analyzed. Figure 10a shows the C1s spectrum of pure hematite. The carbon on the surface of pure hematite was derived from carbon contamination [33]. The peak of pullulan treated hematite was significantly enhanced at 286.33 eV (Figure 10b). The peak was due to C−OH group of pullulan and it shifted by 0.32 eV from 286.01 eV compared to pure hematite [34]. This suggested that pullulan was strongly chemically bonded by hydroxyl and hematite. Figure 10c,d show the O1s high resolution XPS spectra of pure hematite and pullulan treated hematite, respectively. In Figure 10c, the peak at 529.75 eV was oxygen in hematite Fe−O, and the peak at 531.60 eV came from oxygen in the hydroxyl group of residual water [35]. After pullulan treatment, the hydroxyl peak of hematite water weakened and a new peak appeared at 532.81 eV. The new peak was attributed to the hydroxyl group (Fe−O−C) of the pullulan bonded to the surface of the hematite [35]. XPS analyses showed that pullulan was adsorbed on hematite through a strong chemical bond between the hydroxyl group of pullulan and the Fe site of hematite.



Based on the analysis of the above tests, it can be inferred that pullulan chemically bonded to the Fe sites on the surface of hematite by its –OH and impeded the subsequent adsorption of DOPA. The (001) of hematite was considered to be its most easily cleaved plane [32]. The hematite fracture along the (001) plane exposed large amounts of iron ions. Fe belongs to the d-zone elements in the periodic table of chemical elements, where coordination bonds exist. Therefore, it was possible for the iron on the surface of hematite to be chemically bonded to the hydroxyl group of pullulan. This was also consistent with the XPS analyses. Previous studies also concluded that the polysaccharide depressant starch can be chemisorbed by hematite [36]. Figure 11 shows the adsorption model of pullulan on the hematite surface.





4. Conclusions


In this study, we used DOPA as collector to study the flotation behavior of pullulan, a polysaccharide depressant, on hematite and quartz and the selective depression mechanism of hematite/quartz reverse flotation. The following conclusions were reached.



	
The structure and molecular weight of pullulan were determined by the characterization of pullulan and it was found that the viscosity of pullulan was lower than that of starch, and pullulan was more suitable for flotation.



	
The single mineral flotation tests showed that pullulan had selective depression on hematite and was slightly better than starch. The iron grade of 65.35% and iron recovery of 90.68% were obtained by pullulan as depressant in mineral mixture tests, which was slightly better than starch.



	
The difference in hydrophobicity of hematite and quartz can be amplified by pre-addition of pullulan to the DOPA system to achieve their effective separation.



	
Zeta potential and FT-IR analyses showed that pullulan was selectively adsorbed on hematite and prevented the adsorption of DOPA. The weak adsorption between pullulan and quartz did not affect the hydrophobic modification of the quartz surface by DOPA.



	
XPS analyses showed that pullulan was adsorbed on the hematite surface through chemical bonding between its hydroxyl group and the Fe site on the hematite surface.






Compared with starch, pullulan was directly dissolved in cold water (no need to add high temperature or alkali to dextrinize), its viscosity was lower than that of starch, and the flotation effect was also superior to that of starch. In conclusion, pullulan was a better hematite depressant than the conventional starch depressants in terms of effectiveness and performance.
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Figure 1. Flowsheet of flotation experiments. 
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Figure 2. FT-IR spectrum of pullulan. 
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Figure 3. The molecular weight of pullulan. 






Figure 3. The molecular weight of pullulan.



[image: Metals 13 00550 g003]







[image: Metals 13 00550 g004 550] 





Figure 4. The viscosity of pullulan and starch. 
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Figure 5. Effect of the addition (a,b) and absence (c,d) of pullulan and starch on the floatability of quartz and hematite. (a) DOPA concentration: 10 mg/L; pullulan: 0 mg/L; (b) pH 9, pullulan: 0 mg/L; (c) DOPA concentration: 10 mg/L; pullulan: 30 mg/L; (d) pH 9, DOPA concentration: 10 mg/L. 
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Figure 6. The results of mineral mixture tests. 
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Figure 7. Adsorption capacity of pullulan on the minerals (a) and adsorption morphology of pullulan on the hematite surface (b,c). 






Figure 7. Adsorption capacity of pullulan on the minerals (a) and adsorption morphology of pullulan on the hematite surface (b,c).



[image: Metals 13 00550 g007]







[image: Metals 13 00550 g008 550] 





Figure 8. The zeta potential of hematite (a) and quartz (b). 
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Figure 9. FT-IR spectra of hematite (a) and quartz (b) before and after pullulan treatment. 
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Figure 10. High-resolution XPS spectra of hematite before and after pullulan treatment. (a) C1s of hematite; (b) C1s of hematite + pullulan; (c) O1s of quartz; (d) O1s of quartz + pullulan). 
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Figure 11. The pullulan adsorption model on hematite surface. 
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Table 1. Contact angle of two minerals with different reagents/°.
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	Test System
	No Reagents
	DOPA
	Pullulan + DOPA





	Hematite
	29.8
	85.7
	52.1



	Quartz
	31.2
	91.6
	89.4
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Table 2. The changes of surface elements in hematite and quartz before and after pullulan treatment.






Table 2. The changes of surface elements in hematite and quartz before and after pullulan treatment.





	
Samples

	
Elements/at.%

	
Sum/%




	
C

	
O

	
Fe

	
Si






	
Hematite

	
39.44

	
47.70

	
12.86

	
--

	
100




	
Hematite + pullulan

	
45.64

	
46.66

	
7.70

	
--

	
100




	
Shift

	
+6.20

	
−1.04

	
−5.16

	
--

	




	
Quartz

	
23.55

	
50.56

	
--

	
25.89

	
100




	
Quartz + pullulan

	
24.01

	
50.78

	
--

	
25.21

	
100




	
Shift

	
+0.46

	
−0.22

	
--

	
−0.68
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