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Abstract:



Flotation separation of chalcopyrite from molybdenite was studied using seaweed glue (SEG) as a depressant. Flotation process and mechanism were examined by response surface methodology, flotation tests, adsorption tests, zeta potential measurements and fourier transform infrared (FT-IR) spectra. Response surface methodology with a Box–Behnken design suggested the optimal reagent schedule: pH 4, depressant seaweed glue 197 mg/L, collector amyl xanthate 16 mg/L and frother (methyl isobutyl carbinol) 20 mg/L, and selective separation of chalcopyrite and molybdenite was achieved by flotation. Comparison of SEG and traditional depressants indicated that the SEG could achieve a similar separation efficiency, and exhibited the advantages of environmental compatibility and economic adaptability. Co-adsorption of seaweed glue and amyl xanthate occurred on the surface of molybdenite, and is explained to happen through distinct mechanisms due to the heterogeneous nature of the surface. It is likely that seaweed glue depresses molybdenite by covering the dixanthogen resulting from adsorption of xanthate ions. It is shown that seaweed glue is as effective a depressant of Cu/Mo separation as cyanide.






Keywords:


chalcopyrite; molybdenite; flotation depressant; seaweed glue












1. Introduction


In the case of copper–molybdenum separation, chalcopyrite (CuFeS2) and molybdenite (MoS2) are the main copper and molybdenum minerals found in complex sulfide ores. The natural hydrophobicity of molybdenite results from its layered crystal structure. In the case of chalcopyrite, once the mineral is rendered hydrophobic by a xanthate collector, its depression can be effectively achieved by rather drastic chemical treatments [1]. The separation of both hydrophobic chalcopyrite and molybdenite represents a major problem in the treatment of copper–molybdenum sulfide ore. Both of them easily lead to flotation concentrates, thus reducing concentrate grade and causing downstream processing problems as well as increased smelting costs [2]. The separation of chalcopyrite and molybdenite has therefore been the focus of a great deal of research.



The selective separation of sulfide minerals by froth flotation frequently relies on the use of various appropriate depressants that affect the floatability of individual ore components. At present, inorganic depressants are routinely used as the selective depressants. For example, sodium hydro-sulfide (NaHS), Noke’s reagent (thiophosphorus or thioarsenic compounds), or even cyanides, are widely used to depress the copper sulfide minerals while molybdenum sulfides are floated [3,4,5,6,7]. However, many problems in the application are inevitable, such as the high dosage and toxicity to the environment. It is necessary to replace these highly toxic reagents with more environmentally friendly chemicals. Therefore, the separation of copper–molybdenum is still a big problem [8,9].



Historically, the choice of depressants in flotation has always been based on empirical testing. The trend in recent years has been to focus on special polymers for this purpose [10,11,12]. The key point is the selection of the distinctive functional group and molecular weight to ensure that the polymer acts appropriately by imparting the correct surface properties on the particular gangue mineral (e.g., inclusion of hydroxyl groups in the polymer to impart hydrophilicity) [13]. Motivated by such requirements, seaweed glue—a non-toxic natural polymer—was tested in this study as a potential depressant in the differential flotation separation of Cu–Mo sulfides.



Sodium alginate (SAG) is one of the special polymers mentioned above, and SAG mainly includes: red algae, green algae, seaweed glue, brown algae, etc. [14]. Seaweed glue (SEG) is a kind of polysaccharide carbohydrate extracted from kelp or sargassum, appearing as white or light-yellow powder. It is easy to dissolve in water and is non-toxic. SEG, also known as kelp glue, is a kind of alginate derivative with linear polymers composed of β-d-mannuronic acid and α-l-guluronic acid [15,16,17,18]. The SEG can agglomerate into clumps associated with a few metal ions and ultimately precipitate in water [19]. The structural formula of seaweed glue is shown in Figure 1. The application of SEG as a flotation depressant—both in the laboratory and in commercial processes—has not been reported up to now.


Figure 1. Seaweed glue molecular structure (monomer subunits, G—polyguluronic, M—polymannuronate) [20]. Reproduced with permission from Treenate et al., In vitro drug release profiles of pH-sensitive hydro-xyethylacryl chitosan/sodium alginate hydrogels using paracetamol as a soluble model drug; published by Elsevier, 2017.
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The aim of this study was to test SEG as an alternative non-toxic depressant for the separation of chalcopyrite from molybdenite. The effects of variables including initial pH, depressant dosage, and collector dosage on the separation efficiency were evaluated by response surface methodology with a Box–Behnken design. The depression mechanism of SEG on both chalcopyrite and molybdenite was investigated by adsorption tests and zeta potential measurements as well as Fourier transform infrared (FT-IR) spectra.




2. Materials and Methods


2.1. Materials


Pure chalcopyrite and molybdenite samples were all obtained from Anhui Mining Corporation, China. XRD results of the pure minerals are shown in Figure 2. According to chemical analysis and XRD results, the purity of chalcopyrite was 94.6% and the purity of molybdenite was 99.5%. Hand-selected crystals of these minerals were crushed to −1 mm by a laboratory roll crusher. The crushed products were then ground in a ceramic ball mill and dry-sieved to obtain the −75 + 38 μm-size fractions for micro-flotation tests (0.37 kW operating power and per 2 min as grinding frequency). A size fraction of −38 μm particles was further ground to −2 μm for adsorption and zeta potential measurements as well as FT-IR studies. Pure mineral samples were stored in a vacuum-desiccator after preparation and washed in an ultrasonic bath for 5 min to remove potential oxidation film before each use. Atmospheric oxidation of chalcopyrite (ageing) produces compounds such as iron–oxyhydroxides and basic iron–sulphates on the chalcopyrite surface [21,22]. The oxidation of molybdenite mainly occurred in the defect point of the cleavage surface, and produced compounds like MoO3 [23].


Figure 2. XRD spectra of pure (a) chalcopyrite and (b) molybdenite for flotation tests.



[image: Minerals 08 00041 g002]






The anionic depressant seaweed glue (SEG, MW 32,000–200,000, the viscosity of solutions of 1% SEG (by weight) was 1000–1500 mPa·s) was supplied independently by the IMUMR Flotation Reagents Limited Company, Shandong, China. SEG solutions were prepared by dispersing a known weight of SEG (the molecular formula of the SEG is (C6H5O6)m·(C12H10O9)n, >92% purity) in distilled water. The solution was made up to the required volume by adding distilled water and left to equilibrate overnight. Fresh solutions were prepared every three days. Other flotation reagents were amyl xanthate as collector and frother methyl isobutyl carbinol (MIBC), respectively. In addition, the preparation of depressant disodium carboxymethyl-trithiocarbonate (DCMT) was carried out according to the literature [5]. P-Nokes reagents (PNs) were prepared by mixing phosphorus pentasulphide with sodium hydroxide in a mass ratio of 1:1.3 [7,24]. All of the chemicals used for the preparation of depressants were purchased from the local supplier (Guoyao, Changsha, China) without further purification. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to regulate the pulp pH. All of the reagents used in the tests were of analytical grade. Deionized water was used in all tests.




2.2. Response Surface Methodology


In this experiment, a three-factor, three-level factorial Box–Behnken design (BBD) was used to model and optimize the mineral separation efficiency. The initial pH (X1), dosage of depressant (X2, mg/L), and dosage of collector (X3, mg/L) were chosen as the three independent variables. The three independent variables in actual values and corresponding coded values (assign value by the software of Box–Behnken design) are listed in Table 1. All of the results received according to BBD experimental runs were analyzed by means of the least-squares regression method for predicting the process response and estimating the coefficients on the basis of the following second-order Equation (1). The equation was used to describe the mathematical relationship between the predicted response (Y) and input variables (X1, X2, and X3) in coded values:


Y = β0 + ΣβiXi + ΣβiiXi2 + ΣβijXij



(1)




where Y refers to the predicted response of separation efficiency associated with each factor level combination by the model; β0 is the model constant (intercept term); and βi, βii, and βij are the linear, quadratic, and interaction coefficients, respectively. Based on the early exploration experiments, the optimum range of each independent variable was determined: pH (3–6), SEG 50–300 mg/L, amyl xanthate (AX) 10–100 mg/L. In order to better explore the relationship between inhibitors and minerals under strong alkaline conditions, the experimental pH values of 3–12 were used in this research.



Table 1. Experimental range and levels of the independent variables. SEG: seaweed glue.







	
Independent Variables

	
Codes

	
Ranges and Levels




	
−1

	
0

	
1






	
Initial pH

	
X1

	
3

	
50

	
10




	
SEG dosage (mg/L)

	
X2

	
7.5

	
175

	
55




	
AX dosage (mg/L)

	
X3

	
12

	
300

	
100










The experimental data was analyzed via Design Expert Software version 8.0.6 (STAT-EASE Inc., Minneapolis, MN, USA) for the analysis of variance (ANOVA) and to assess the goodness of fit of the model.




2.3. Flotation Procedure


The following conditioning procedure was used for all flotation tests. The flotation tests were carried out in a XFG-1600-type flotation machine (Xinghai, Shandong, China). Pure mineral particles (3 g) were placed in a Plexiglas cell (40 mL), which was then filled with distilled water. The slurry pH was modified to the desired value by adding either HCl or NaOH solutions. Pulp pH was measured using a pH meter (PHS-3C). The reagents (SEG, AX, and MIBC) were added in sequence and conditioned for 2 min each. The operating conditions were set to 8 mm froth depth, 1900 rpm impeller speed, and 30 times per minute scraping frequency. The flotation was conducted for 5 min. The products were collected, dried, and weighed. For single mineral flotation, the flotation recovery was calculated based on the dry weight of the products obtained. For mixed minerals (the ratio of Cu and Mo was 3:1) flotation, the flotation recovery was calculated based on Cu and Mo grade between the concentrates and tailings. The flow sheet and conditions of flotation tests are demonstrated in Figure 3. Both the concentrate and tailing were filtered, dried, and weighed. Concentrate (Cu) and tailing (Mo) were analyzed.


Figure 3. The beneficiation flow sheet of mixed ore experiment.



[image: Minerals 08 00041 g003]







2.4. Adsorption Experiments


In the adsorption experiments, two grams of pure mineral particles were added to 40 mL distilled water in 100 mL beakers and SEG was added to the desired concentration (196 mg/L) at pH equal to 4. The suspension was stirred for 3 min and subsequently filtered. The filtrate was centrifuged under the conditions of 25 °C and 9000 rpm centrifugal speeds for 20 min. After the centrifugation was completed, 15 mL of supernatant was transferred to a clean centrifuge tube for Total Organic Carbon (TOC) test. The same procedure was used to determine the original TOC of SEG/AX without reacting with any minerals. The TOC (T1) of SEG remaining in the supernatant was measured using the TOC-L machine supplied by Shimadzu, Kyoto, Japan. It was assumed that the amount of TOC (T2) of SEG depleted from the solution had adsorbed onto the particular mineral phase. The amount of TOC for single SEG was recorded as T0.



The method to test the adsorption density of the collector AX after adding the depressant SEG was as follows. First, two grams of pure mineral particles were added to 40 mL distilled water in 100 mL beakers and SEG was added to the desired concentration (196 mg/L) at pH 4. The suspension was stirred for 3 min and subsequently filtered. Then, the filter residue was washed three times using distilled water. The filter residue was transferred to a clean beaker, 40 mL of distilled water was added, and the water pH was adjusted to 4, the collector AX was added, and stirring was applied for 3 min. Finally, the suspension was centrifuged and the TOC of AX remaining in the supernatant was measured using the TOC-L equipment.



The ultimate adsorption density of SEG on the mineral surface after adding AX was equal to the adsorption density of both SEG and AX minus the adsorption density of single AX after adding the depressant SEG. In this paper, TOC adsorption efficiency was used to measure the adsorption effect of the reagents, and the adsorption efficiency was expressed as:


[image: ]



(2)








2.5. Zeta Potential Measurements


The zeta potential of minerals treated and untreated by the flotation reagents was measured by a JS94H micro electrophoresis instrument (Shanghai Zhongchen Digital Technic Apparatus Co., Shanghai, China). The measurement was carried out at 25 °C. A 20 mg sample was placed in a 100 mL beaker with 40 mL aqueous solutions containing 10 mM KNO3 as the supporting electrolyte, and the mineral suspension was conditioned with reagents over the pH range of 3–12 [25]. All of the samples were thoroughly equilibrated, and an average zeta potential value of at least three individual measurements was recorded.




2.6. FT-IR Spectroscopy Experiments


The following procedure was used for FT-IR spectroscopy experiments by a 740FT-IR instrument (Nicolet Co., Waltham, MA, USA). The untreated pure mineral particles were used as a reference spectrum. One gram of pure mineral particles was added into 30 mL aqueous solution with or without 197 mg/L depressant and 16 mg/L collector at pH 4, and ultrasonicated for 5 min. Next, the solutions were magnetically stirred for 40 min and settled for another 40 min. After filtering, the precipitate was washed three times with distilled water and then vacuum dried at 40 °C. Fourier transform infrared (FT-IR) spectra of solids were recorded using a FT-IR spectrometer at room temperature (25 ± 1 °C). The spectra were recorded with 30 scans at a resolution of 2 cm−1.





3. Results and Discussion


3.1. Model Fittings and Statistical Analysis


The complete experimental design matrix as suggested by Design-Expert Software and response values obtained from the experiments are presented in Table 2. According to experimental data, the following fitting polynomial Equations (2) and (3) were obtained from data fitting:


Y1 = 84.91 − 9.63X1 − 8.01X2 + 1.1X3 − 1.42X1X2 + 1.84X1X3



(3)






Y2 = 16.36 + 2 X1 − 0.15 X2 + 0.31 X3 − 0.035X2X3



(4)




where Y1 and Y2 are the recovery for chalcopyrite and molybdenite, X1, X2, and X3 are the coded values of the three independent variables described above. A positive sign in front of the terms indicates a synergistic effect, whereas a negative sign indicates an antagonistic effect [26].



Table 2. The partially experimental design matrix as suggested by Design-Expert Software.







	
Run

	
Factor 1

A: pH

	
Factor 2 (mg/L)

B: SEG

	
Factor 3 (mg/L)

C: AX

	
Response 1 (%)

Chalcopyrite Recovery

	
Response 2 (%)

Molybdenite Recovery






	
1

	
12

	
300

	
55

	
66.21

	
21.01




	
2

	
12

	
175

	
10

	
73.32

	
16.21




	
3

	
7.5

	
175

	
55

	
84.76

	
22.31




	
4

	
7.5

	
175

	
55

	
84.34

	
22.19




	
5

	
12

	
50

	
55

	
82.98

	
37.16




	
6

	
12

	
175

	
100

	
79.12

	
29.56




	
7

	
7.5

	
300

	
10

	
69.98

	
4.87




	
8

	
3

	
300

	
55

	
86.78

	
12.98




	
9

	
7.5

	
50

	
10

	
85.98

	
25.98




	
10

	
7.5

	
175

	
55

	
85.34

	
22.10




	
11

	
3

	
50

	
55

	
98.89

	
27.01




	
12

	
7.5

	
175

	
55

	
84.89

	
21.21




	
13

	
7.5

	
175

	
55

	
85.21

	
21.54




	
14

	
7.5

	
50

	
100

	
89.34

	
34.99




	
15

	
3

	
175

	
10

	
95.21

	
21.01




	
16

	
7.5

	
300

	
100

	
71.16

	
21.42




	
17

	
3

	
175

	
10

	
93.65

	
5.98










Diagnostic plots, such as predicted versus actual values, were used to determine the adequacy of the model. The predicted values of recoveries (separated efficiency) were calculated using the regression model and compared with experimental values in Figure 4. As can be seen, the experimental results were in good correlation with the values predicted by the statistical model. Thus, this prediction model was sufficiently effective and feasible [27].


Figure 4. Design expert plot of (a) chalcopyrite and (b) molybdenite: Actual values versus predicted response by Box–Behnken design (BBD).
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Furthermore, the adequacy of the obtained model to predict the separated efficiency was analyzed through analysis of variance (ANOVA). The results (chalcopyrite/molybdenite) are expressed in Table 3. The F-value was the criterion of adaptability of the model, and Prob > F was the criterion of the influence degree of the factor significance [28]. The greater the F-value, the stronger the adaptability of the model. It was considered that an experimental factor was significant for separation efficiency if Prob > F < 0.05 [29]. As shown in Table 3, the F-values of the model were 313 and 138.07 for chalcopyrite and molybdenite, respectively, indicating a high adaptability of the model. Prob > F values of X1, X2, X3, X12, and X13 of chalcopyrite were less than 0.05, which means that these factors play an important role in the flotation of chalcopyrite. Similarly, X1, X2, X3, and X23 were important factors affecting molybdenite flotation. The Lack-of-Fit (LOF) was the criterion of the shortage of the proposed model in the prediction of the response factor [29]. The shortage of the predictive model was indistinct, as LOF was equal to 3.28/4.21 < 4.7725. That is to say, the test method to predict the separated efficiency between chalcopyrite and molybdenite was reliable in this research. The adequate precision ratio (AP, precision criterion) was 65.21/43.73 (>4), and the coefficient of variance (CV, precision criterion) was 0.84/4.60% (<10%), proving the high accuracy of the predictive model [30,31,32]. The multivariate correlation coefficient R2 equal to 0.997/0.994 means that the model could explain the change of the response value to the extent of 99.7%/99.4% for chalcopyrite and molybdenite, respectively. The reliability criterion (Radj2 − Rpred2) equal to 0.027/0.066 < 0.2 proves the high reliability of the model [33].



Table 3. ANOVA for response surface quadratic model (Cu/Mo).







	
Source

	
F Value (Cu/Mo)

	

	
Prob > F (Cu/Mo)






	
Mode

	
1313/138.0

	

	
<0.0001




	
X1-pH

	
1491/22.87

	

	
<0.0001/0.002




	
X2-SEG

	
1031/120.5

	

	
<0.0001




	
X3-AX

	
19.3/75.3

	

	
0.003/<0.0001




	
X12

	
16.1/1.25

	

	
0.005/0.32




	
X13

	
27.3/3.13

	

	
0.001/0.12




	
X23

	
2.39/14.43

	

	
0.166/0.006




	
Lack of fit (F)

	
3.28/4.21

	
Lack of fit (P)

	
0.056/0.030




	
R2

	
0.99/0.99

	
Radj2 − Rpred2

	
0.027/0.066




	
C.V.%

	
0.84/4.60

	
Adeq precisor

	
65.21/43.73










To sum up, the regression equation could adequately simulate the real surface in the research area. The precision, reliability, and accuracy of the model were within the acceptable range of error. Therefore, it was noticeable that the selected model was suitable for navigating the design space.




3.2. Interactions among the Factors and Optimization Results


Two-dimensional contour plots were applied to demonstrate the interactive effects of operational parameters on the recovery of chalcopyrite and molybdenite. Figure 5 shows the corresponding contour of the combined effect of pH and dosage of SEG, while AX was maintained at 20 mg/L. From the contours, it was clear to understand the interactive effects between the two independent variables and further to decide the optimum levels.


Figure 5. Response surface plots and contours for separation efficiency as a function of (a) SEG dosage and pH (amyl xanthate, AX: 20 mg/L); (b) pH and AX dosage (SEG: 175 mg/L); and (c) SEG dosage and AX dosage (pH = 3.4).
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The effects of pulp pH and the dosage of SEG in the flotation of chalcopyrite became increasingly obvious. The inhibition effect was enhanced with the increase of the dosage of SEG, exceeding 250 mg/L at the same pH values. The pulp pH was significant for chalcopyrite flotation especially at alkaline conditions caused by forming metal hydroxides such as copper hydroxide and ferric hydroxide on the surface of chalcopyrite. The metal hydroxides easily formed hydrogen bonds with water molecules while exhibiting a certain hydrophilicity on the mineral surface, resulting in the decrease of the floatability of chalcopyrite [34]. Figure 5a shows that compared with chalcopyrite, the floatability of molybdenite became much weaker after adding the SEG depressant. At pH 4, the flotation recovery of chalcopyrite dropped from over 95% in the presence of SEG 50 mg/L to about 85% in the presence of the 300 mg/L SEG. Between pH 3 and 7 and in the presence of SEG under 200 mg/L, the recovery of chalcopyrite decreased from 95% to about 90%, and stayed there at higher pHs. For molybdenite, its recovery dropped from 30% in the presence of SEG 50 mg/L to 10% in the presence of 300 mg/L SEG at pH 4. Between pH 3 and 12 and in the presence of SEG under 100 mg/L, the recovery of molybdenite was increased from 20% to about 35%, and stayed there at higher pH. In alkaline solutions, the double layer repulsion between molybdenite and bubbles was decreased gradually after the adsorption of SEG on the surface of molybdenite and probably strengthen the floatability of molybdenite [35].



Figure 5b shows the corresponding contour of the combined effect of pH and dosage of AX, while SEG was maintained at 175 mg/L. The effect of AX dosage on chalcopyrite flotation was inapparent, especially under the condition of pH less than 10 caused by excellent natural floatability and the poor adsorption capacity of the depressant. However, the floatability of molybdenite was greatly affected by the dosage of AX, probably due to the stronger adsorption capacity of AX, and weakened the effect of inhibitors gradually. This was the reason why the recovery rate of molybdenite increased with dosage of AX.



Figure 5c shows the corresponding contour of the combined effect of dosage of AX and SEG, whilst pH was maintained at 3.4 (natural). It was proved that the recoveries of molybdenite increased with the increase in SEG concentration, while it basically had no influence on chalcopyrite flotation. Furthermore, the result also showed that the recovery difference between chalcopyrite and molybdenite was decreased gradually as the AX concentration was increased.



Based on the analysis by Design-Expert, optimization results were achieved to evaluate the optimal experimental parameters for the separation efficiency of chalcopyrite and molybdenite. Table 4 shows the optimum conditions based on a combination of all the corresponding contours. Under the optimum conditions of initial pH 4, SEG dosage 197 mg/L, and AX dosage 16 mg/L, the recovery of 95.82/9.67% for chalcopyrite/molybdenite was achieved after using 20 mg/L MIBC as frother. Only a small deviation (<2%) was exhibited between the experimental values and the predicted values. Thus, the BBD model can be used to optimize the process of separating efficiency of chalcopyrite and molybdenite.



Table 4. Predicted and experimental values of the responses of optimum conditions.







	
Initial pH

	
SEG Dosage

(mg/L)

	
AX Dosage

(mg/L)

	
Cu/Mo Recovery (%)




	
Predicted Value

	
Experimental Value






	
4.07

	
197.38

	
16.32

	
95.11/7.99

	
93.21/6.98











3.3. Contrast Experiments of Depressant


As stated in the previous studies, it has been shown that either adopting a traditional depressant can achieve significant improvement in copper removal efficiency results [3,4,5,6,7]. However, since the purpose of this study was to evaluate the replacement of traditional depressant with SEG in the flotation separation of Cu-Mo sulphide ores. Therefore, further tests were conducted on the flotation separation of chalcopyrite–molybdenite using different depressants through an open circuit like Figure 3. It especially needs to be emphasized that the comparison experiments were designed to analyze the flotation tailing (Cu) after using conventional inhibitors and the flotation concentrate (Cu) by SEG inhibitor. Figure 6 compares the results of Cu-Mo separation obtained using the traditional depressant and the new depressant SEG. In this study, the flotation process was evaluated by defining the removal efficiency, which as introduced by Mowla [36], [image: ], is defined as follows:


[image: ]



(5)




Ci and Cf are the initial and final molybdenum concentrations in the chalcopyrite concentrate, respectively.


Figure 6. (a) Cu recovery versus (b) Mo removal efficiency using different depressants (CN: sodium cyanide, DCMT: disodium carboxymethyl trithiocarbonate, PN: P-Nokes reagent, DT: the main ingredient is sodium hypochlorite, SEG: seaweed glue).
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The effects of various depressants on the Mo removal efficiency and Cu recovery are shown in Figure 6. As seen in Figure 6, as the depressant concentration increased, the removal efficiency of Mo increased, and only a small effect on Cu recovery was observed. It could be seen that the removal efficiency of molybdenite presented similar trends, while using different depressants. Initially, the removal efficiency of molybdenite gradually increased with the increase of depressant concentration; however, the removal efficiency increased slowly when the depressant was increased to a certain concentration. The results indicated that the Cu recovery was affected by the higher concentration of depressant, which may be explained by the fact that strong adsorption had a negative effect on chalcopyrite flotation. Taking Mo removal efficiency and Cu recovery into consideration, the optimal concentration was 200 mg/L with SEG as depressant. All five of the depressants showed an excellent selectivity for the separation of molybdenite and chalcopyrite.




3.4. Adsorption Studies


The adsorption behaviors of SEG and AX on chalcopyrite and molybdenite surfaces as a function of pH are given in Figure 7. It was proved that the adsorption efficiency of SEG on molybdenite was obviously higher than chalcopyrite, even though the adsorption capacity of chalcopyrite increased with increases of pH value. Satisfactory results for the adsorption efficiency of SEG on chalcopyrite and molybdenite surface were about 83% and 10%, respectively, when pH was less than 5. This may be related to the formation of hydrophilic metal hydroxides on the surface of chalcopyrite, especially in alkaline condition [34]. The contrast in adsorption efficiency changes of these minerals shows that the treatment of AX has little influence on the interactions between SEG and these minerals.


Figure 7. The adsorption efficiency of (a) SEG and (b) AX on single mineral surfaces as a function of pH (SEG: 197 mg/L, AX: 16 mg/L).
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One interesting result was that the collector AX basically maintained a consistent adsorption efficiency on chalcopyrite and molybdenite surfaces with and without SEG throughout the experiments. This was further proof of the previous conjecture: it is likely that SEG depressed molybdenite by covering the dixanthogen resulting from adsorption of xanthate ions [25]. However, chalcopyrite still kept a good floatability in the experiments because of the low adsorption efficiency of SEG. The schematic diagram of the adsorption model is shown in Figure 8. All of the characteristics discussed above were extremely helpful for improving the selective separation efficiency between molybdenite and chalcopyrite.


Figure 8. Schematic diagram of adsorption of chalcopyrite and molybdenite (pH = 4).
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3.5. Zeta Potential Tests


Figure 9a gives the zeta-potential of chalcopyrite in the absence and presence of SEG and AX under different pH conditions. It can be seen that the surface zeta potential of chalcopyrite in the presence of SEG did not change significantly compared with the raw ore at pH less than 4. This indicated that SEG had a negligible effect on the zeta-potential of chalcopyrite, and the adsorption capacity of SEG on chalcopyrite surfaces was poor. However, the zeta potential was positively shifted with pH increases, meaning that the adsorption of SEG on chalcopyrite surface was gradually enhanced. After the addition of collector AX, the zeta potential shifted negatively at pH less than 9, indicating that the addition of inhibitors did not affect the adsorption of AX on the surface of chalcopyrite.


Figure 9. Zeta-potential of (a) chalcopyrite and (b) molybdenite in the absence and presence of SEG and AX under different pH conditions (SEG: 197 mg/L, AX: 16 mg/L).
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However, the zeta potential shifted positively as pH increased above 9 and gradually approached the surface potential of chalcopyrite in the presence of SEG alone. This probably indicated that the adsorption efficiency of the depressant SEG was strengthened while the collector AX was decreased under strong alkaline conditions.



From Figure 9b, the surface potential of molybdenite after adding inhibitor SEG saw a positive shift compared with the raw ore, probably caused by the chemical adsorption of SEG on the molybdenite surface. The surface zeta potential of molybdenite maintained constant after reaction with the depressant SEG throughout the range of evaluated pH values. After the addition of the collector AX, the zeta potential of molybdenite changed slightly. However, the adsorption experiment results showed that the adsorption of SEG on the surface of molybdenite basically did not prevent the adsorption of the collector AX. Therefore, combined with the two experimental results verified the conjecture in flotation discussion, it can be said that the seaweed glue depresses molybdenite by covering the dixanthogen absorbed [25] on the surface resulting from the adsorption of xanthate ions.




3.6. FT-IR Spectra Analysis


In order to study the depression mechanism of SEG, the FT-IR spectra of the minerals before and after interacting with SEG were determined, and the results are shown in Figure 10a,b.


Figure 10. FT-IR spectra of (a) SEG and (b) these two minerals before and after interacting with the SEG system and (c) the amplified spectrum of molybdenite from 830 to 1700 cm−1.
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The FT-IR spectrum of molybdenite interacting with SEG (Figure 10b,c) show the characteristic bands of molybdenite near 3415 cm−1, 1643 cm−1, 1423 cm−1, respectively due to –OH stretching vibration, –COO– stretching vibration, indicating that a strong adsorption of SEG on the molybdenite surface has occurred [37,38,39]. The adsorption of –OH and –COO– groups on the molybdenite surface illustrates that SEG adsorbs on molybdenite surface, which contains these functional groups in its molecular structure.



Figure 10b also shows the FT-IR spectrum of chalcopyrite after interacting with SEG. It is clear from Figure 10b that SEG has a negligible effect on the spectrum of chalcopyrite. After interacting with SEG, the characteristic adsorption bands of chalcopyrite shared no obvious changes, and no new bands appeared. These results illustrate that the SEG depressant cannot interfere with the FT-IR spectrum of chalcopyrite and the adsorption capacity of SEG on chalcopyrite surface is poor, which explains the flotation and adsorption results.



It is tenable to conclude that the depressant SEG adsorbs more strongly on the molybdenite surface than on the chalcopyrite surface, and the chemical adsorption process may dominate the interaction of depressant with molybdenite, which are confirmed by adsorption studies and FT-IR analysis, respectively. This may be the reason why SEG has high depression selectivity for molybdenite and little effect on chalcopyrite flotation.





4. Conclusions


In this work, flotation separation of chalcopyrite from molybdenite was studied using seaweed glue (SEG) as a depressant. Response surface methodology with a Box–Behnken Design suggested the optimal reagent schedule: pH 4, depressant seaweed glue 197 mg/L, collector amyl xanthate 16 mg/L and frother (methyl isobutyl carbinol) 20 mg/L, and selective separation of chalcopyrite and molybdenite was achieved by flotation. Comparison of SEG and traditional depressants indicated that the SEG could achieve similar separation efficiency, and exhibited the advantages of environmental compatibility and economic adaptability. The results of FT-IR spectrum measurements indicated that the SEG depressant could adsorb more strongly on the molybdenite surface than chalcopyrite, and the chemical adsorption process may dominate the interaction of SEG with molybdenite.



Although the tests were performed with the use of single minerals, the flotation results for molybdenite and chalcopyrite indicate that SEG could be used as a selective depressant under acidic pH. It is shown that SEG is as effective depressant of Cu/Mo separation as cyanide.
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