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Abstract

:

Chlorite and serpentine are common magnesium-containing gangue minerals in copper sulfide flotation. In this study, sodium alginate, a natural hydrophilic polysaccharide, was introduced as a selective depressant for these gangue minerals. Micro-flotation tests were conducted on both single minerals and synthetic mixtures. The flotation results showed that sodium alginate could simultaneously depress the flotation of chlorite and serpentine effectively, but seldom influenced the floatability of chalcopyrite at pH 9. In the ternary mixture flotation, a concentrate with a Cu grade of 31% could be achieved at Cu recovery of 90%. The selective depression of chlorite and serpentine was also validated by the real ore flotation experiments. The selective depression mechanism was investigated through adsorption tests, zeta potential measurements, and FTIR analyses. The adsorption density results implied that sodium alginate selectively adsorbed on the surface of phyllosilicates, but no adsorption on the chalcopyrite surface was observed. The zeta potential results showed that the sodium alginate could selectively decrease the surface charge of chlorite and serpentine. The FTIR results revealed the chemical adsorption of sodium alginate on the chlorite and serpentine surface and no form of adsorption on chalcopyrite, agreeing well with the adsorption density results. On the basis of these results, a selective adsorption model of sodium alginate on the mineral surface was proposed.
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1. Introduction


Chlorite and serpentine are typical magnesium-rich phyllosilicates in copper sulfide deposits [1,2]. Generally, chlorite is the secondary alteration product of rich magnesium-iron silicate minerals in magma [3], and serpentine is the metasomatic reaction product of hydrothermal fluid to olivine in ultrabasic rocks [4]. Since serpentinization is often accompanied by chloritization [5,6] and both phyllosilicates are products of hydrothermal alteration, they often appear together in the same deposits [7]. At present, flotation is the most commonly-used method to separate the valuable copper sulfide mineral from these two phyllosilicates. Nevertheless, due to the unique properties of chlorite and serpentine, the phyllosilicates impair the flotation of copper sulfide ore. A high content of these phyllosilicates in slurry increases the pulp viscosity [8,9], which can result in a significant reduction in flotation recovery [10]. These phyllosilicates also adhere to valuable minerals to form a hydrophilic coating, which prevents the adsorption of collectors on sulfide minerals and reduces their floatability [11]. In addition, the high entrainment of phyllosilicates significantly reduces the grade of flotation concentrates, and high levels of the MgO silicates in concentrates cause problems in downstream processing, such as increasing smelting costs and reducing recovery [12]. Therefore, the depression of phyllosilicates in the flotation of copper sulfide has received much attention.



However, these two phyllosilicates have different crystal structures and surface properties and further affect flotation in different ways. Chlorite is a 2:1 phyllosilicate with an interlayer brucite-like sheet containing Mg, Al, and Fe octahedrally coordinated [13]. After the liberation, there are broken bonds of the brucite-like sheet, which cause staggered charged surfaces. It is easy for anionic and cationic collectors to adsorb on the staggered broken sides so that chlorite is naturally floatable [14]. Entrainment is considered to be another way of chlorite deteriorating flotation. Cu2+ in solution can also activate the flotation of chlorite [15], which makes the situation even worse. Different from chlorite, serpentine has a 1:1 layer structure. When serpentine dissociates, the magnesia octahedral layer breaks, and there are many Mg–O bonds exposed on the surface. Due to the transfer of –OH from the serpentine surface to the slurry in preference to Mg2+, the surface of the serpentine is positively charged [16,17]. In the pH range commonly used in flotation, the surface charges of the serpentine and valuable mineral are generally opposite, and this contrast leads to flotation deterioration by hetero-aggregation or slime coating, which decreases the floatability of the sulfide particles [18,19].



Since the influencing mechanisms of chlorite and serpentine are dissimilar, their flotation depression methods are different. The depression of chlorite is achieved by increasing its surface hydrophilic ability, thus reducing its floatability. The depressants primarily include sodium silicate, hydrogen fluoride, tripolyphosphate, and a variety of other polysaccharides [13]. For serpentine, however, the depression is principally achieved by creating electrical repulsion or steric hindrance to disperse serpentine from valuable particles’ surfaces. In order to disperse serpentine particles, sodium hexametaphosphate, sodium carbonate, and other organic agents are used [20]. Large molecular depressants are commonly-used reagents to depress phyllosilicates. Polysaccharides, such as carboxymethyl cellulose (CMC) [21], chitosan [22], guar gum [23], dextrin [24], and lignosulfonate [25], have been applied to eliminate the harmful effects of phyllosilicates. The most reported polymeric depressant is carboxymethyl cellulose (CMC), which has been widely used for depressing MgO-type gangue minerals in nickel sulfide flotation [10]. Although many works on the polysaccharide depressants of chlorite and serpentine have been presented, they have generally focused on the condition that one kind of magnesium silicate-bearing gangue mineral is present in the ores.



Sodium alginate (NaAl), generally derived from kelp or Sargassum, is a natural hydrophilic polysaccharide with a backbone of (1-4)-linked β-D-mannuronic acid (M units) and α-L-guluronic acid (G units). It can form irregular patterns of GG, MG, and MM blocks [26,27] (Figure 1). With characteristics of high stability, non-toxicity, and excellent biocompatibility, NaAl has an extensive use as a heavy-metal binder, thickener, stabilizer, and drug-controlled release matrix [28,29,30]. As plenty of chelating groups, such as hydroxy (–OH) and carboxyl (–COO–), are distributed along the backbone, NaAl can interact with metallic ions on the mineral surfaces [31,32,33,34]. The chelating ability of –OH and –COO– in NaAl with Ca2+ has been successfully applied to separate scheelite from calcite and fluorite [35]. Besides, researchers have found that NaAl could chemically adsorb on the molybdenite surface through –OH and –COO–, but had little effect on chalcopyrite flotation [36]. Therefore, it is possible for NaAl to adsorb on the phyllosilicate surface selectively. The adsorption of NaAl on the mineral surface makes phyllosilicates surfaces more hydrophilic in solution and generates strong surface electrical repulsion and steric hindrance effects. Although a handful of papers referring to employing NaAl as a depressant have been published [35,36], there are no references on the application of NaAl to depress chlorite and serpentine simultaneously.



This study is aimed at introducing sodium alginate (NaAl) as an effective depressant to simultaneously depress chlorite and serpentine in copper sulfide flotation. Chalcopyrite was chosen to be a representative of copper sulfide minerals. Micro-flotation tests of single mineral and synthetic mixtures were carried out to show the effective inhibition effect of NaAl on both chlorite and serpentine. The real ore flotation experiments were also conducted to show the selective depression of NaAl on chlorite and serpentine. The depression mechanism of NaAl was investigated by adsorption tests, zeta potential measurements, and Fourier transform infrared (FTIR) spectra, by which a possible adsorption model was put forward.




2. Material and Methods


2.1. Pure Minerals and Reagents


Chalcopyrite, chlorite (clinochlore), and serpentine (lizardite) samples used in this study were purchased from Yip’s Mineral Specimen Factory (Guangzhou, China). X-ray fluorescence (XRF) analysis and X-ray diffraction (XRD) results of three mineral samples are given in Table 1 and Figure 2, respectively. The XRD results were analyzed with the RIR (Reference Intensity Ratio) value method for phase semi-quantitative analysis. The analysis showed that the purities of the mineral samples were 97.19% (for chalcopyrite), 98.82% (for chlorite), and 90.88% (for serpentine). Since the samples were all of the high purity (above 90%), no further cleaning was necessary. The pure mineral samples were first hammered into small pieces and then ground in a ceramic ball mill. The ground samples were dry-sieved to obtain −75 + 38 μm-size fractions for the micro-flotation tests. Next, the samples below −38 μm were further ground to −10 μm (by Sichuan Dewei Weina Technology Co., Ltd., using jet milling, Mianyang, China) for the adsorption tests, zeta potential measurements, and FTIR studies.



Sodium amyl xanthate (SAX) and methyl isobutyl carbinol (MIBC), obtained from Tianzhuo Flotation Reagent Co., Ltd. (Ganzhou, China), were used as a collector and a frother, respectively. NaAl was purchased from Tianjin Guangfu Fine chemical Research Institute with a molecular mass of approximately 50,000 and employed as a depressant. pH adjustment was achieved by the addition of hydrochloric acid (HCl) and sodium hydroxide (NaOH). Distilled water was used in all of the experiments.




2.2. Experiments


2.2.1. Micro-Flotation Experiments


The single mineral flotation tests were conducted in an XFGC mechanical agitation flotation machine at 1992 rpm with a 40-mL cell. For single mineral flotation, 2 g of pure mineral was added into the flotation cell with 40 mL of distilled water. The pH was adjusted to the desired value (2, 4, 6, 8, 10, and 12) using NaOH or HCl within 3 min. Then, the pulp was continuously stirred for 3 min with the depressant (if needed), 3 min with the collector (20 mg/L), and 2 min with the frother (20 mg/L). After 4 min of flotation, the flotation products (both the float and sink particles) were collected, filtered, dried, and weighed. The flotation recovery was calculated based on solid weight distributions between two flotation products.



For synthetic mixture flotation, the mass ratios of chalcopyrite and gangue mineral were 1:1 for the binary mixtures (1 g chalcopyrite + 1 g chlorite or serpentine) and 4:3:3 for the ternary mixture (0.8 g chalcopyrite + 0.6 g chlorite + 0.6 g serpentine). In the following text, the mixture of chalcopyrite and chlorite was referred to as the binary mixture 1, while that of chalcopyrite and serpentine was referred to as the binary mixture 2. The flotation procedure used for mixtures was identical to that used for single mineral flotation. After the flotation experiments, the concentrates and tailings were collected and analyzed for Cu grade. The recovery was calculated by Cu distributions between two flotation products. The Cu grade was 16.9% for original binary mixtures and 13.6% for original ternary mixtures.




2.2.2. Batch Flotation Tests


The batch flotation tests were conducted in a 1.5-L XFD-IV single-trough flotation machine (made by Jilin Exploration Machinery Factory, Changchun, China). The real ore containing 1.3% Cu was supplied by Jinchuan Group Ltd. (Jinchang, China). For each test, 500 g of raw ore was wet ground to 75 wt % passing 75 μm with a ball mill. The slurry was transferred into the flotation cell and stirred for 3 min. The sodium hexametaphosphate (200 g/t) and NaAl were added sequentially and conditioned for 3 min of each. Then, sodium amyl xanthate (120 g/t) and ammonium butyl aerofloat (60 g/t) were added together and stirred for 3 min. After the 12-min single-stage rougher flotation, the rougher concentrate and tailing products were filtered, dried, weighed, sampled, and assayed for Cu. Tap water and industrial-grade reagents were used in all batch flotation experiments. The flow sheet and conditions of flotation tests are demonstrated in Figure 3.




2.2.3. Adsorption Tests


In this study, the NaAl adsorption density on mineral particle surface was calculated by the residual concentration method. The reagent concentration was tested with a TOC-L machine from Shimadzu, Kyoto, Japan, and the value compared to a known calibration standard. The calibration standard was obtained by fitting the total organic carbon with the concentration (0, 5, 10, 20, 30, 40, 50, 60, 80, 120, 200) of pure NaAl solution at pH 9. For each adsorption test, 2 g of −10 μm mineral (single mineral) was added into an 80-mL beaker together with 40 mL of NaAl solution, which was prepared at the desired concentration (5, 10, 20, 30, 40, 50, 60, 80, 120 mg/L) at pH 9. The suspension was stirred for 40 min using a magnetic stirrer and then centrifuged. The concentration of NaAl left in the supernatant was measured using the total organic carbon (TOC) by the TOC-L machine (Shimadzu, Kyoto, Japan) and the value compared to the known calibration standard. It was assumed that the amount of NaAl depleted from solution had adsorbed onto the minerals’ surfaces. The unit of adsorption amount obtained using TOC was mg/L. In order to compare the adsorption capacity between different samples, the unit of adsorption capacity was converted from mg/L to mg/m2. Namely, the adsorption amount obtained using TOC was divided by the product of the sample mass per unit volume and the specific surface area of the sample. The specific surface area of three minerals was measured with an automatic specific surface analyzer (Monosorb, Quantachrome Corp, Boynton Beach, FL, USA). The surface areas of chalcopyrite, chlorite, and serpentine were 11.64, 14.58, and 12.29 m2/g, respectively.




2.2.4. Zeta Potential Measurements


Zeta potential measurements on chlorite, serpentine, and chalcopyrite were conducted using a Coulter Delsa 440sx Zeta analyzer instrument (Beckman Coulter, Brea, CA, USA). The zeta potentials of three minerals in the absence and presence of NaAl were tested. In the zeta potential measurements of minerals in the presence of NaAl, 30 mg of the −10 µm-size fraction mineral was dispersed in 40 mL of the KNO3 solution (1 × 10−3 mol/L). Pulp pH was adjusted to 2, 4, 6, 8, 10, and 12 with HCl or NaOH within 10 min. Then, the depressant (80 mg/L NaAl) was added for 10 min conditioning under room temperature (25 °C). After standing for 5 min, the suspension was used for the zeta potential measurement. The zeta potential measurement of the minerals in the absence of NaAl was identical to the procedure of the measurement in the presence of NaAl, except for no addition of NaAl after adjusting the pH. To keep the stirring time consistent with the condition in the presence of NaAl, the suspension was also conditioned for 10 min before standing for 5 min.




2.2.5. FT-IR Studies


For the FTIR studies, 0.5 g of the −10 μm mineral sample was conditioned with flotation reagents in 30 mL of aqueous solution at pH 9 for 40 min. After conditioning, the suspension was centrifuged. The precipitate was washed three times with distilled water and then vacuum dried at 40 °C. The spectroscopy measurement was carried out with a Spectrum One FT-IR (Version BM, PerkinElmer, Waltham, MA, USA) spectrometer using the diffuse reflection method, and the spectra were recorded with 30 scans at a resolution of 2 cm−1.






3. Results and Discussion


3.1. Micro-Flotation Experiments


The effect of pulp pH and NaAl dosages on the flotation recovery of chalcopyrite, chlorite, and serpentine were tested, and the results are shown in Figure 4 and Figure 5.



Figure 4a shows the flotation behaviors of single minerals at different pH in the absence of NaAl. Chalcopyrite and chlorite were floatable with recoveries of around 92% and 55%, respectively; and their floatability was barely affected by the change of pH. The recovery of serpentine was very low (less than 40%), especially under strong acid condition. Although the flotation recovery of chalcopyrite was much higher than that of chlorite and serpentine in the pH range of 2–12, a good flotation separation was still difficult to achieve because the naturally-floatable chlorite would get into the concentrate, and serpentine would impair chalcopyrite flotation.



The effect of pH on the flotation performance of synthetic mixtures is shown in Figure 4b. According to Figure 4b, pH had a negligible effect on the separation of chalcopyrite from phyllosilicates. For the binary mixture 1, pH had little effect on the separation of chalcopyrite from chlorite. The Cu grade in all concentrates was only a bit higher than that in the original mixture (Cu grade 16.9%), suggesting that many naturally-floatable chlorite particles were in the concentrates, and therefore reducing the concentrate grade. For the binary mixture 2, serpentine impaired the flotation by reducing the Cu recovery [37]. It is known that serpentine particles adhere to the sulfide particles in hetero-aggregation or slime coating, which decreases the floatability of the sulfide particles. In Figure 4b, the Cu recovery of the binary mixture 2 was lower than 71% in the tested pH range of 2–12, much less than that of single chalcopyrite flotation (all above 90%). In the binary mixture systems, the influence of phyllosilicates was straight forward because chlorite only affected Cu grade and serpentine impaired Cu recovery.



However, in the ternary mixture system, the influence became much more complex. It was observed that both Cu recovery and grade dramatically decreased in the entire pH range. The Cu recovery of the ternary mixture decreased to less than 70% from 90% (the recovery of single chalcopyrite flotation). The Cu grade also decreased to less than 22%. The ternary mixture flotation results indicated that the detrimental effect of chlorite and serpentine was superimposed in chalcopyrite flotation, and the depression of phyllosilicates was more difficult in the ternary system than that in the binary systems. Since chlorite and serpentine were oppositely charged, they may attracted each other through an electrostatic mechanism. In the ternary mixture system, serpentine adhered to both chalcopyrite and chlorite, which decreased the floatability of chalcopyrite and impaired the depression of chlorite.



According to Figure 4, the two phyllosilicates impaired chalcopyrite flotation in different ways, and a good flotation separation was difficult to achieve by adjusting pH in the absence of depressant, especially in the ternary mixture system.



Since pH 9 was chosen in reported studies and industrial applications as conventional flotation conditions [38,39,40], the pH of the following experiments was also set as 9. The effect of NaAl dosages on the flotation performance of single minerals at pH 9 is shown in Figure 5a. It was observed that NaAl showed a potent inhibitory effect on both chlorite and serpentine, but rarely affected the floatability of chalcopyrite. As the NaAl dosage increased to 40 mg/L, the recoveries of chlorite and serpentine simultaneously decreased to less than 5% from their initial values (60% and 36%, respectively), whereas the recovery of chalcopyrite remained at a high level (above 90%). The flotation results implied that NaAl could be employed as an effective depressant to separate chalcopyrite from chlorite and serpentine at pH 9.



Based on the single mineral flotation results, synthetic mixtures flotation tests were carried out to validate the selective depression effect of NaAl at pH 9. The results obtained are shown in Figure 5b. For the binary mixture 1, the Cu grade gained a significant improvement after the addition of NaAl. For the binary mixture 2, the addition of NaAl improved Cu recovery. The binary mixture flotation results confirmed that NaAl had an excellent selectivity of depression. In the ternary mixture system, significant improvements in both Cu recovery and grade were observed. Without adding NaAl, the Cu grade was only 22%; whereas a concentrate with a Cu grade of 31% could be achieved when the dosages of NaAl increased to 40 mg/L. Similarly, as the dosages of NaAl increased to 40 mg/L from 0 mg/L, the Cu recovery increased to 91% from 62%. The ternary mixture flotation results indicated that NaAl simultaneously depressed chlorite and serpentine. According to Figure 5b, with a further increase on the dosage of NaAl (up to 120 mg/L), no further improvement on flotation was observed as the maximum Cu recovery and grade were already reached, indicating that that 40 mg/L would be sufficient for the flotation separation for binary and ternary mixtures.



The single mineral and synthetic mixture flotation results showed that it was feasible to utilize NaAl as a depressant to depress chlorite and serpentine simultaneously.




3.2. Real Ore Flotation Experiments


To validate the effect of NaAl on flotation separation of chalcopyrite from chlorite and serpentine, real ore flotation experiments were conducted. A feed material containing 1.3% Cu from Jinchuan Group Ltd. was used for the rougher flotation of chalcopyrite in this study. Table 2 shows the effect of NaAl on the flotation separation of real ore. It can be seen that the addition of NaAl increased the Cu grade from 2.6% to 3.2% and the Cu recovery from 65.5% to 73.2%. The real ore outcomes indicated that NaAl could be used in industrial applications in the flotation separation of chalcopyrite from chlorite and serpentine.




3.3. Adsorption Experiments


Figure 6 shows the adsorption of NaAl on chalcopyrite, chlorite, and serpentine surfaces. The adsorption density of chlorite and serpentine increased with an increase of NaAl dosages in the range of 5–80 mg/L. When the addition dosage exceeded 80 mg/L, the adsorption on the surface of gangue minerals reached saturation with the adsorption density of 0.14 mg/m2 for chlorite and 0.24 mg/m2 for serpentine. Compared to the two gangue minerals, the adsorption density on the surface of chalcopyrite was negligible (less than 0.02 mg/m2). The results for the adsorption measurement indicated that NaAl selectively adsorbed on the surface of chlorite and serpentine and hence showed an inhibitory effect, which was in good agreement with the flotation results.




3.4. Zeta Potential Measurement Results


The zeta potentials of chalcopyrite, chlorite, and serpentine minerals in the absence and presence of NaAl were measured, and the results are shown in Figure 7.



As can be seen in Figure 7a, the zeta potentials of chalcopyrite decreased from 3.2 mV to −45.4 mV in pH 2–12. After the interaction with NaAl, there was a small negative shift in the zeta potentials of chalcopyrite. The results implied that the NaAl showed no significant effect on the zeta potentials of chalcopyrite, and there was little NaAl adsorbed on the surface of chalcopyrite. Under pH 9, the zeta potential of chalcopyrite was −34.4 mV, and NaAl was also negatively charged in the solution, resulting in strong electrostatic repulsion between mineral and reagent. The electrostatic repulsion hindered the approach of NaAl to chalcopyrite and further weakened the interaction between the mineral and NaAl. Therefore, no depression effect on chalcopyrite was observed.



According to Figure 7b,c, the zeta potentials of chlorite and serpentine decreased in the pH range of 2–12. It could also be seen from Figure 7b,c that the addition of NaAl resulted in significant shifts on the ieps (isoelectric point) of chlorite and serpentine, which moved from 5.3 to 2.9 and from 11.7 to 4.0, respectively. Since plenty of free hydroxyl and carboxyl groups along the backbone endowed NaAl with negative charges in solution [26], it was reasonable to infer that abundant adsorption of NaAl on the surfaces of phyllosilicates was responsible for these remarkable shifts. Different from chalcopyrite, the electrostatic repulsion between NaAl and chlorite was much smaller. It was much easier for NaAl to approach the surface of chlorite. The charges of NaAl and serpentine were opposite at pH 9. There was an electrostatic attraction between NaAl and serpentine, which facilitated the approach of NaAl to serpentine. After interacting with NaAl at pH 9, the zeta potential of chlorite experienced a shift of −29.0 mV (from −17.1 mV to −46.1 mV), and that of serpentine also experienced a shift of −40.5 mV (from 14.7 mV to −25.8 mV). As the zeta potential of serpentine had a larger change, there should be a greater amount of NaAl adsorbing on the serpentine surface, which was in line with the adsorption density results.



The zeta potential results of three minerals showed that NaAl could selectively change the zeta potential of chlorite and serpentine, indicating selective adsorption on the surfaces of two gangue minerals.




3.5. IR Spectroscopic Analysis


IR spectroscopy was performed to define the adsorption mechanism of NaAl on the surface of the three minerals. The IR spectra results can be seen in Figure 8.



In the IR spectrum of NaAl, the anti-symmetric stretching vibration of –COO– emerged at 1608 cm−1, and the symmetrical stretching vibration appeared at 1420 cm−1 [41]. The characteristic peaks at 1034 cm−1 were considered to be the stretching vibration of C–O–C [42].



IR spectra of chalcopyrite with and without pre-treatment of NaAl are shown in Figure 8a. According to Figure 8a, it was clear that NaAl had a negligible effect on the spectrum of chalcopyrite. After conditioning with NaAl, there were no new characteristic adsorption bands observed, which implied that the adsorption ability of NaAl on chalcopyrite was fairly weak.



Figure 8b shows the IR spectra of chlorite with and without pre-treatment of NaAl. FTIR spectra of bare chlorite showed peaks at 3744 cm−1, 3411 cm−1, 1000 cm−1, indicating the stretching of Si–OH, –OH, and Si–O, respectively. The bending vibration of –OH and Si–O appeared at 656 cm−1 and 472 cm−1, respectively. After interacting with NaAl, adsorption bands at 1000 cm−1 experienced a change to 1027 cm−1, and a broader and blunter peak form was observed, which was owing to the stretching vibration of C–O–C of NaAl at 1034 cm−1. The results suggested the adsorption of NaAl on the surface of chlorite. It should be noted that the –OH stretching peak of silanol groups at 3744 cm−1 disappeared. The disappearance of stretching peaks of –OH suggested that silanol groups on the surface of chlorite interacted with carboxyl groups of NaAl [43]. The adsorption bands of –COO– in NaAl were also observed on the surface of chlorite. However, they had shifted from 1608 cm−1 and 1420 cm−1 to 1633 cm−1 and 1424 cm−1, respectively, indicating that the adsorption of NaAl on chlorite surface was chemical in essence. Previous studies found that metal ions on the surfaces of chlorite complexed with carboxylate functional groups [44,45,46]. Therefore, it was reasonable to infer that the metal ions (Al3+, Fe2+, Mg2+) on the surfaces of chlorite interacted with the carboxyl groups of NaAl.



The IR spectra of serpentine with and without pre-treatment are shown in Figure 8c. For bare serpentine, adsorption bands at 3676 cm−1 were observed, indicating the stretching of –OH, which was also found for serpentine examined by other researchers [47,48]. The adsorption bands at 1085 cm−1 were attributed to the stretching vibration of Si–O. The out-of-plane bending vibration of Mg–O appeared at 563 cm−1. Different from chlorite, there were no adsorption bands of silanol groups on the serpentine surface observed. After the pre-treatment of NaAl, there were new adsorption bands at 1629 cm−1 and 1424 cm−1, which were attributed to the antisymmetric stretching vibration and symmetrical stretching vibration of –COO–, respectively. The observation of –COO– indicated that NaAl adsorbed on the surface of serpentine. The shifts (from 1608 cm−1 to 1629 cm−1 and from 1420 cm−1 to 1424 cm−1) in the stretching bands of –COO– implied that NaAl chemically adsorbed on the surface of serpentine [35].




3.6. Depression Mechanism of NaAl


According to the flotation, adsorption measurement, zeta potential, and FTIR results, the possible depression mechanism of NaAl on chlorite and serpentine minerals could be summarized as seen in Figure 9.



The depression effect of NaAl resulted from the complexation. It is known that NaAl could form a gel structure in the presence of divalent and multivalent cations such as (Ca2+, Ni2+, Cu2+, Fe2+, Al3+, Mg2+) by cross-linking of functional groups (such as –COO–, C–O–C, –OH) on the alginate chains of guluronate blocks [49]. Moreover, researchers found that carboxyl groups of alginate could interact with silanol groups of magnesium aluminum silicates by complexation [34,43]. Nevertheless, different surface properties of minerals affected the interaction between NaAl and the mineral surfaces, thereby swaying the adsorption capability and depression effect.



For bare chalcopyrite, its surface was rich in sulfur atoms [50], and the surface charge was highly negative with a zeta potential of −34.4 mV at pH 9. The electrostatic repulsion hindered the approach of the NaAl to chalcopyrite and blocked the interaction between metallic ions and NaAl. Therefore, there was no depression effect on chalcopyrite flotation.



However, for chlorite and serpentine, the situation was quite different. At pH 9, the surface zeta potential of bare chlorite was −17.1 mV. The electrostatic repulsion for chlorite was much smaller. Therefore, it was much easier for NaAl to approach chlorite surfaces. Chemical bonds on the end face of chlorite were broken to generate Si–OH and Mg–OH during the liberation process. The silanol groups interacted with the carboxyl groups of NaAl [43]. In addition, there were many metallic ions on the staggered broken sides in which 1/3 of Mg2+ was replaced by Al3+ [14]. Functional groups (such as –COO–, C–O–C, –OH) of NaAl chelated with metallic ions (Al3+, Fe2+, Mg2+) on chlorite surface. The chemical adsorption of NaAl on chlorite decreased its surface hydrophobicity and inhibited floatability; whereas, for serpentine, the depression mechanism was a little different than that of chlorite. The surface active groups of serpentine contain Si–O–Si, Si4+, Mg2+, and –OH [51], where Mg2+ can be replaced by other metallic ions, such as Al3+, Fe2+, and Ni2+. Functional groups (such as –COO–, C–O–C, –OH) of NaAl chelated with metallic ions (Al3+, Fe2+, Mg2+) on the serpentine surface. According to the zeta potential measurement results, the adsorption of NaAl on serpentine reversed the mineral surface potential to −25.8 mV at pH 9, which generated strong electrical repulsion between serpentine particles and chalcopyrite particles, as well as chlorite particles. Moreover, since NaAl is a polymer, the adsorption of NaAl could also produce strong steric hindrance. Due to the electrical repulsion and steric hindrance, the serpentine was dispersed from chalcopyrite and chlorite surfaces, and further, the hetero-aggregation was prevented. Therefore, NaAl was able to depress two phyllosilicates simultaneously in the ternary mixture system.





4. Conclusions


Sodium alginate exhibited a simultaneous depression effect on chlorite and serpentine minerals in chalcopyrite flotation. With sodium alginate as a depressant, SAX as a collector, and MIBC as a frother, a good separation with concentrates Cu grade of 31% and Cu recovery of 90% could be achieved at pH 9 in the ternary mixture flotation. The flotation results demonstrated that NaAl simultaneously depressed chlorite and serpentine effectively. The selective depression on chlorite and serpentine was also validated by real ore flotation experiments. The adsorption measurements results (0.14 mg/m2 saturated adsorption density of chlorite, 0.24 mg/m2 of serpentine, and 0.02 mg/m2 of chalcopyrite) gave the reason for the selective depression. Through analyzing the zeta potential and FTIR results, it was concluded that NaAl chemically absorbed on the surface of chlorite and serpentine and further depressed their flotation at pH 9. NaAl can neither adsorb on the chalcopyrite surface nor interfere with its flotation behavior.
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Figure 1. Structure of sodium alginate [27]. 
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Figure 2. XRD spectra of the chalcopyrite (a), chlorite (b), and serpentine (c) samples 
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Figure 3. The beneficiation flow sheet of real ore experiments. 
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Figure 4. Effect of pH on the flotation behavior of single minerals (a) and mixed minerals (b). [sodium amyl xanthate (SAX)] = 20 mg/L; [methyl isobutyl carbinol (MIBC)] = 20 mg/L; binary mixture 1: the mixture of chalcopyrite and chlorite; binary mixture 2: the mixture of chalcopyrite and serpentine. 
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Figure 5. Effect of NaAl dosages on the flotation behavior of single minerals (a) and mixed minerals (b). [SAX] = 20 mg/L; [MIBC] = 20 mg/L; pH = 9. 
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Figure 6. Adsorption density of NaAl on the minerals’ surface as a function of concentration at pH = 9. 
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Figure 7. Effect of pH on the zeta potential of chalcopyrite (a), chlorite (b), and serpentine (c) in the absence and presence of NaAl. [NaAl] = 80 mg/L. 
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Figure 8. FTIR spectra of chalcopyrite (a), chlorite (b), and serpentine (c) with and without pre-treatment of NaAl. 
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Figure 9. Schematic diagram of the adsorption behavior of NaAl on the minerals’ surface. 
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Table 1. Chemical compositions of chalcopyrite, chlorite, and serpentine.
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	Elements
	Cu
	Fe
	S
	MgO
	SiO2
	Al2O3
	CaO
	Others





	Chalcopyrite
	33.88
	29.45
	33.86
	/
	2.81
	/
	/
	/



	Chlorite
	/
	31.69
	/
	15.41
	41.10
	11.32
	0.28
	0.20



	Serpentine
	/
	1.08
	/
	38.92
	46.13
	1.16
	0.61
	12.10
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Table 2. Effect of NaAl on the flotation separation of real ore.
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Conditions

	
Product

	
Yield (%)

	
Cu Grade (%)

	
Cu Recovery (%)






	
NaAl

0 g/t

	
Concentrate

	
33.5

	
2.6

	
65.5




	
Tailing

	
66.5

	
0.7

	
34.5




	
Feed

	
100.0

	
1.3

	
100.0




	
NaAl

200 g/t

	
Concentrate

	
30.2

	
3.2

	
73.2




	
Tailing

	
69.8

	
0.5

	
26.8




	
Feed

	
100.0

	
1.3

	
100.00












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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