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Abstract

:

Thiophosphate compounds have attracted much attention in coordination chemistry, but their deep adsorption mechanism remains underexplored as flotation collectors. The flotation performance and adsorption mechanism of a novel (dibutoxy-thiophosphorylsulfanyl)-acetic acid (CDDP) chelating collector on azurite surfaces were studied by micro-flotation tests, zeta potential measurements, and Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS) and field emission scanning electron microscopy (FE-SEM) analysis. The micro-flotation results indicated that CDDP exhibited superior collecting performances to direct flotation recovery of azurite and floated over 91.44% of azurite at pH 7. For sodium isopentyl xanthate (NaIX) and Benzohydroxamic acid (BHA) collectors, the addition of Na2S still did not show good collection performance. The results of zeta potential, FTIR, XPS and FE-SEM measurements, all confirmed that CDDP showed a better affinity to azurite surfaces than NaIX and BHA. Furthermore, XPS and FE-SEM provided obvious evidence that CDDP could easily react with Cu2+ sites on azurite surfaces. Using the density functional theory (DFT) method, the collection capacity of azurite was CDDP > BHA > NaIX, which exactly matched the micro-flotation results. In addition, this study provided an atomic-scale understanding of the structure–property relationship of CDDP as chelating agents for copper mineral flotation.
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1. Introduction


With the industrial depletion of high-grade copper sulfide resources increasing, the recovery and utilization of copper oxide ore have gradually become a substitute for copper resources [1,2]. Froth flotation is an economic separation technique which has been widely used in the copper mining industry to recover copper minerals from gangue minerals. In froth flotation, copper oxide minerals, such as malachite (Cu2CO3 (OH)2), chrysocolla ((Cu,Al)2H2Si2O5(OH)4·nH2O) and azurite (Cu3(CO3)2(OH)2), have abundant hydroxyl groups. Thus, it is hard to form hydrophobic groups that exhibit weaker floatability in pulp than copper sulfide minerals [3,4].



Two main flotation methods are applied in the flotation of copper oxide, which is direct flotation and sulfidization. Feng reported that excessive vulcanizing agent could decrease the flotation effect of malachite in the slurry system of xanthate as a collector, which proved excessive sulfidization existed in the sulphidizing flotation [5]. Cai further concluded that the excessive sulfiding agents enhanced the crystal copper sulfide-forming onto the azurite surface, but the generated massive copper sulfide colloid inhibited xanthates adsorption onto azurite mineral surfaces, thus the recovery of azurite decreased sharply [6]. Therefore, choosing the direct flotation process for copper oxide ore is an alternative.



Traditional sulfide copper collectors do not respond well to copper oxide minerals, mainly because they are not effective in changing their highly hydrophilic surfaces into hydrophobic ones [2,7,8]. Chelating reagents have been generally regarded as alternative collectors in view of their particular characteristics and selective complex metal ions and have been widely exploited for the direct flotation of copper oxide minerals [9,10,11], such as oximes [12,13,14,15,16], hydroxamic acids [17,18,19,20], phosphonic acids [21] and azolethione compounds [1,22], which exhibit a strong specific affinity to copper oxide minerals. Although the above reagents are very valuable for collecting metal oxides from ore, their industrial application has not been commercially applied; the reason for this is that copper concentrate has poor performance, high cost and environmental concerns. Tijsseling found that dithiophosphate collectors achieved more success with the highest recovery of sulfide minerals and copper oxides after oxide sulfidization than xanthate, phosphorodithioate and thiocarbamate collectors [23]. Liu studied the structure–reactivity relationship of thiophosphorus acids as flotation collectors with sulfide minerals by the DFT method [24]. The theoretical results tested the thiophosphoruse with a strong affinity to mineral surfaces. Based on the previous studies [25,26], S-carboxymethyl-O, O′-dibutyl dithiophosphate (CMDTP) exhibited strong adsorption and selectivity for malachite in calcite or quartz; however, Cu2+ ions could activate calcite for its adsorption onto a calcite surface, and then Na2S was needed to eliminate the negative effect of Cu2+ ions released from malachite. Thiophosphate compounds have attracted much attention in copper mineral flotation, but their deep adsorption mechanism remains underexplored as flotation collectors.



Furthermore, most studies on chelating collectors proposed the hydrophobic mechanism of malachite surfaces, but rarely discussed its effect on azurite surfaces. Azurite is one of the most important copper oxide minerals, along with malachite and chalcopyrite, which is used to produce copper concentrate, arts and crafts materials, pigments, etc. [27]. Azurite, a monoclinic mineral, is often associated with malachite in the oxidation zone of copper deposits. As is well known, azurite has similar compositions and, like malachite, hardly floats without any treatment [28].



In response to the aforementioned problems, this study aimed to synthesize a novel thiophosphate compounds collector with functional groups for the direct flotation of azurite. The flotation performance and adsorption mechanism of a (dibutoxy-thiophosphorylsulfanyl)-acetic acid (CDDP) chelating collector on an azurite surface was studied by micro-flotation experiments, zeta potential measurements, FTIR, XPS analysis, FE-SEM and DFT.




2. Materials and Methods


2.1. Materials and Reagents


The X-ray diffraction (XRD) pattern of azurite is shown in Figure 1, and the chemical analysis results are shown in Table 1. The purity of azurite was 98%. The powdered samples were prepared as follows: each sample was first crushed with a hammer, the gangue was manually selected and crushed in an agate mortar, and the crushed sample was screened to obtain 44~74 μm particles. Additionally, 44~74 μm fractions of azurite were used in the micro-flotation experiment. Fractions with sizes less than 5 μm were prepared for zeta potential, FTIR and XPS measurements. Powdered pure azurite samples were collected from the Laos mine, China. Sodium isoamyl xanthate (NaIX) and benz hydroxamic acid (BHA) were used as the flotation collectors, and sodium sulfide (Na2S) was applied as the sulfurizing agent. Hydrochloric acid and sodium hydroxide were used as the pH regulator in flotation and zeta potential measurements. Methyl isobutyl methanol (MIBC) was used as a frother. Deionized water was used in the preparation of the solutions for all experiments. CDDP was synthesized in our laboratory as following the route listed in Scheme 1.




2.2. Micro-Flotation Tests


The micro-flotation experiments were performed in the 40 mL XFG5-35 flotation machine with a spindle speed of 1750 r/min. Before each micro-flotation test, 2.0 g azurite samples were put into a 100 mL beaker containing 60 mL water and purified by ultrasonic for 3 min. Then, the sample was transferred into the flotation machine cell with deionized water and stirred for 1 min. Step by step, the pH regulator, collectors and frother (MIBC) were added to the solution with stirring times of 2 min, 3 min and 1 min, respectively. Afterwards, the flotation product was collected for 3 min after turning on the inflation switch. According to the process flow in Figure 2, the tests were repeated five times. At last, the flotation concentrates and tailings were dried and weighed to calculate the flotation recovery.




2.3. Zeta Potential Measurements


Malvern Zetasizer Nano ZS90 was used to measure the zeta potential of azurite. The mineral samples (0.05 g, −5 μm) were introduced into 50 mL Potassium chloride (KCl) (5 × 10−3 mol/L) background solutions in the absence and presence of collectors for each test. The pH value above the solution was adjusted with certain dilute hydrochloric acid (HCL) or Sodium hydroxide (NaOH) solutions. Then, NaIX solutions were added and caused to react in the beaker by stirring for 5 min. After setting for 5 min, the suspension samples were placed in the electrophoresis tank for zeta potential measurement. The results were measured three times independently, and the average value was recorded as the final potential value of azurite samples with a typical variation of ±5 mV.




2.4. FT-IR Experiments


A Nicolet IS50 series FT-IR spectrometer was utilized to characterize the infrared spectrum of each sample using the Potassium bromide (KBr) disks technique in the 3000–500 cm−l and 4000–500 cm−l region. Azurite (1.00 g, −5 μm) particles and deionized water (100 mL) were mixed in a beaker (250 mL) and the pH value was adjusted by using a specific concentration of HCL or NaOH. The CDDP was added to the pulp suspension and stirred for 30 min at 25 °C. After filtering the solution, the precipitate was collected and rinsed three times using distilled water, then dried in a vacuum drying oven at 35 °C for 24 h.




2.5. XPS Analysis


XPS analysis was performed on a PHI5000 Versa Probe II spectrometer (PHI5000, ULVAC-PHI, Japan, Kanagawa-ken) with a monochromatic Al Kα X-ray source. Azurite (2.0 g, 44–74 μm) particles and deionized water (40 mL) were added by stirring for 1 min and the pH value was adjusted using HCL and NaOH. CDDP (2 × 10−4 mol/L) was mixed with the solutions and stirred with a magnetic stirrer (500 rpm) for 30 min at room temperature. Then the samples were filtered to obtain the solid material. The obtained solid samples were thoroughly rinsed with deionized water and vacuum dried at 40 °C.




2.6. FESEM-EDS Analysis


Along with 2 g of azurite powder, 40 mL of deionized water was put into a 50 mL beaker. The pH was adjusted to 7 with a specific concentration of hydrochloric acid or sodium hydroxide, the collector CDDP was added and stirred at 25 °C for 30 min, and the mixture was then filtered. The filtered minerals were washed with deionized water 3 times, and dried in a vacuum drying oven. After drying, a certain number of samples were taken into the sample chamber and after the vacuum was drawn, the samples’ surfaces were scanned with a fine-focused electron beam. Time excitation generated a physical signal to modulate the imaging, displayed the surface micro-topography of the material and selected a specific area for surface micro-area component analysis, to achieve a one-to-one correspondence between the micro-area topography analysis and the chemical composition analysis. The microstructure of the mineral surface was characterized by the Zeiss Gemini 300 field emission environmental scanning electron microscope, and the energy spectrum analysis was performed by the OXFORD Xplore 30 energy spectrometer (Oxford Instruments, Oxford, UK).




2.7. Density Functional Theory (DFT) Calculations


In this study, all simulations and calculations were performed using the CASTEP module in Materials Studio 8.0. Firstly, we optimized the azurite unit cell model, cut the surface of the optimized mineral unit cell, established a super unit cell and a vacuum layer and obtained the energy Es of the mineral crystal face model after geometrically optimizing the established surface. Secondly, we constructed a model of agent and obtained the energy Es of the agent after geometric optimization. The optimized agents were placed on the optimized mineral crystal surface, the initial adsorption model of the pharmaceuticals on the mineral surface was established and the optimal final adsorption state of the pharmaceuticals was obtained by optimization, and the total energy Ea after adsorption was obtained. Finally, calculated the adsorption energy of the agent ∆E, ∆E = Ea–Es–Ec [29]. The positive and negative values of the adsorption energy ∆E can be used to measure the stability of the adsorption system. The more negative the value, the more stable the adsorption of the system. If the value is zero or positive, the adsorption of the system is more difficult to occur.





3. Results and Discussion


3.1. Flotation Behavior


CDDP was used as a collector for azurite pure mineral flotation at a concentration of 1 × 10−4 mol/L. The results of azurite flotation as a function of pH values are shown in Figure 3a. It presents the variation of pH values from 3 to 11 when CDDP was used as a collector for flotation. The flotation recovery of azurite showed an increasing trend from pH 3 to 7, and the increase in pulp pH from 7 to 11 decreased the recovery rate of azurite insignificantly. At the pH of 7, the recovery rate reached 80.40%. Figure 3b reveals the result of the flotation recovery of azurite at different CDDP concentrations, ranging from 1 × 10−5 mol/L to 1 × 10−3 mol/L. As the concentration of CDDP increased from 1 × 10−4 mol/L to 3 × 10−4 mol/L, the azurite flotation recovery rose from 80.40 to 93.67% and then remained stable as the CDDP concentration increased. However, in the same conditions, NaIX and BHA collectors did not show good collecting ability at the optimal pH value and maximum dosage.



Figure 4 shows the flotation recovery of azurite in the presence and absence of Na2S with NaIX and BHA.At the optimum pH, NaIX and BHA did not show strong collecting ability in the presence of Na2S, less than 70% of the azurite was floated. Obviously, in the absence of Na2S, they still did not exhibit strong capture capacity for azurite. Given that, CDDP can achieve a satisfactory flotation performance without Na2S.




3.2. Zeta Potential Measurements


The change of zeta potential on the mineral surface could directly reflect the change of mineral surface properties [29,30]. As shown in Figure 5, the change of the zeta potential on the azurite surface with a pH value of pulp before and after adding collector, obviously demonstrates that the zeta potential of the azurite surface is shifted to the negative potential direction after adding the collector. The zero electric point (IEP) of azurite in clear water is 8.7, and after interacting with CDDP, BHA and NaIX the zero electric point decreases to 7.9, 8.4, and 7.2. This suggests that the anions ionized by the collector may be adsorbed on the azurite surface. From the negative shift of the zeta potential, the interaction strengths of the three collectors and azurite are NaIX, CDDP and BHA, in this order.




3.3. FT-IR Analysis


The FTIR spectra of CDDP and CDDP-Cu2+ precipitates and azurite before and after treatment with CDDP are shown in Figure 6a,b. Figure 6a indicates that the CDDP and CDDP-Cu2+ precipitates saturated C-H stretching vibrations and -CH3 or -CH2 deformation vibrations at 2961 cm−1, 2875 cm−1 and 1470 cm−1; they appear near 568 cm−1 and 666 cm−1. As for the PS2 symmetric and asymmetric stretching vibration; the peak of the stretching vibration assigned to the C=O group at 1717 cm−1 is strengthened in the CDDP/Cu2+ precipitate. The peak of CDDP at 568 cm−1 moved to 577 cm−1 in the CDDP/Cu2+ precipitate; at the peak of about 1617 cm−1 the CDDP-Cu2+ precipitate disappears, which means that the -OH bending disappeared; it is found at about 624 cm−1. The peak appears on the spectrum, which means that the Cu-O bond was formed. From Figure 6a, it can be inferred that the difference in the FTIR spectra of CDDP and CDDP-Cu2+ precipitates is due to the formation of CDDP-Cu2+ complexes after the reaction of CDDP with copper ions in the aqueous solution.



Figure 6b shows that after CDDP treatment, -CH3 or -CH2 deformation vibrations are around 2959 cm−1 and 2875 cm−1, and -OH stretching vibrations in carboxylic acid are around 1004 cm−1, appearing on the azurite surface. Therefore, CDDP may be chemically adsorbed on azurite by forming a CDDP-Cu2+ surface complex.




3.4. XPS Analysis


XPS analysis is a useful method for accurately determining the chemical state and elemental composition of a mineral surface and is used to analyze the interaction between collectors and azurite [31,32]. The atomic content of Cu, C, O and S is listed in Table 1. The results in Table 2 indicate that the C and S atomic content on the azurite surface increased after CDDP treatment, while that of O and Cu atoms decreased.



Figure 7 shows the Cu 2p spectra of the azurite and CDDP-treated azurite samples. The Cu signal of the azurite sample was fitted using two pairs of spin-orbit split peaks representing Cu 2p3/2 and Cu 2p1/2, whose binding energies are 933.95 and 953.92 eV, respectively, each of which appears as a single, symmetric peak. The Cu 2p1/2 and Cu 2p3/2 peaks, which were similar in appearance, and were assigned to the Cu2+ (cupric) species on the azurite surface. A pair of satellite peaks are also apparent in the Cu 2p spectra, it again shows the presence of Cu2+ on the surface of azurite [33]. For the azurite sample treated by CDDP (Figure 7b), in addition to the representative peak for Cu2+ species and the satellite peaks, a new doublet peak is fitted, with a binding energy of 936.41 and 956.31 eV. This result confirmed that some Cu2+ ions on the azurite surfaces are reduced to the Cu+ state, thus forming cuprous sulfide species. Table 3 also shows that the azurite sample is treated with CDDP. The proportion of Cu+ in the sample increased to 28.58%, which indicates that the mineral reacts with S in CDDP.



Based on Table 4 and Figure 8a, a small number of S species were present on the azurite surface before treatment with CDDP. These are the residual impurities during the crushing process of the raw ore, so the peak value cannot be fitted. After CDDP treatment the S 2p spectra are fitted by two doublet peaks (Figure 8b), consisting of S 2p3/2 and S 2p1/2 spin-orbit doublets separated by 1.18 eV with a 2:1 intensity ratio [34,35,36]. Of the two doublet peaks, one had binding energies of 164.68 eV (S 2p3/2) and 165.86 eV (S 2p1/2), while the binding energies of the other were 165.90 eV (S 2p3/2) and 167.08 eV of (S 2p1/2). These two doublets correspond to monosulfide (S2−) and polysulfide (Sn2−) species, respectively [37,38]. The presence of polysulfides on mineral surfaces is known to promote azurite hydrophobicity and thus flotation. Therefore, copper polysulfide formation plays a pivotal role in the increased recovery of azurite flotation. Table 4 presents the quantitative data obtained from the S 2p spectra of the pristine azurite and CDDP-treated azurite samples. In the case of the azurite sample treated with CDDP, the percentages of monosulfide and polysulfide species formed on the mineral surface are 80.17% and 19.83% of the total S. The results show that S in CDDP has a positive effect on the flotation of azurite [39,40]. Before CDDP treatment, the O 1s XPS peak of azurite had two components, which were CO32− of 530.90 eV and -OH of 531.52 eV (Figure 9a). The O 1s XPS peak could be fitted to three single peaks after CDDP treatment (Figure 9b). These three single peaks are considered to be -COOH at 529.06 eV.




3.5. FESEM-EDSanalysis


To discover the difference in the composition and morphology of the azurite surface before and after the agent, the morphology of the azurite surface was analyzed by scanning electron microscopy, the results of which are shown in Figure 10. From Figure 10a,b, it can be seen that before the CDDP action, the pure mineral particles of azurite were massive, the cleavage surface was relatively flat and the cleavage lines of azurite can be clearly observed. As shown in Figure 10c,d, CDDP was adsorbed on the surface of the mineral in a veined shape and the flat surface of azurite became uneven, indicating that the azurite surface underwent the interaction with CDDP. A certain degree of dissolution causes a sudden change in the microstructure of the azurite surface and improves its floatability [41].



Through the EDS analysis of the samples before and after the CDDP treatment, Figure 11a shows that the electron energy spectrum only shows the peaks of Cu, C, and O elements, and the Cu content in the semi-quantitative analysis result is 56.3%, indicating that there are no other impurity elements in the surrounding area and the purity of azurite’s pure minerals is relatively high. Figure 11b shows that there are also S peaks in the electron energy spectrum. The atomic concentration of S is 1.32%, and some floccules also appear on the surface of the mineral, indicating that new substances have been formed. At the same time, the content of Cu is also reduced from 56.3 to 46.45%, meaning that CDDP may cover the Cu sites on part of the azurite surface [42].




3.6. DFT Calculation Analyses


Azurite belongs to the monoclinic minerals, the space group is P21/C, a = 0.5011 nm, b = 0.5849 nm, c = 1.0345 nm, β = 92°43′ [29]. The following parameters were set in the calculation process: (a) the PBE-SOL gradient correction function under the generalized gradient (GGA) is selected; (b) cutoff energy 400 eV; (c) convergence accuracy 2.0 × 10−5 eV/atom; (d) interatomic convergence standard of interaction is 0.005 eV/nm; (e) the convergence standard of internal crystal stress is 0.1 GPa; (f) the maximum atomic displacement convergence standard is 0.0002 nm; (f) the BFGS algorithm is used, and the optimized unit cell is shown in Figure 12.



The cleavage of minerals tends towards the surface with the weakest atomic action, that is, the surface with the lowest energy [43]. The (100) crystal plane of azurite is the main cleavage surface of azurite. Therefore, from the perspective of adsorption energy, the adsorption of the agent on the (100) crystal plane of azurite was studied. Since the length of the carbon chain has little effect on the results in the quantum chemical simulation system, the carbon chain in the CDDP molecule was designed as a methyl group [44]. The geometric structure of the three collectors, CDDP, BHA and NaIX, after being optimized by the correction function is shown in Figure 13.



It can be seen from Table 5 that the adsorption energy of the three collectors on the surface of azurite minerals is less than zero, indicating that the reaction between the agent and the mineral can occur spontaneously, and the negative value of the adsorption energy of the interaction between CDDP and azurite is the largest, indicating that its adsorption effect is the strongest. From the perspective of adsorption energy, it shows that the adsorption of CDDP on the mineral surface is more likely to occur, which increases the floatability of the mineral.





4. Conclusions


	(1)

	
The pure mineral flotation test shows that, compared with NaIX and BHA, CDDP has better flotation performance. In the flotation conditions of pH 7 and CDDP dosage of 3 × 10−4 mol/L, CDDP can float 94.59% of azurite directly. For NaIX and BHA, the recovery rate of azurite is lower than 70%, whether it is direct flotation or presulfide flotation.




	(2)

	
Zeta potential, FT-IR and FE-SEM analysis show that CDDP adsorption may be chemical adsorption. CDDP covers the Cu sites on the surface of azurite to form a CDDP-Cu2+ surface complex that is chemically adsorbed by azurite. XPS analysis shows that some Cu(II) ions on the surface of azurite treated by CDDP are reduced to the Cu(I) state. At the same time, the minerals react with S in CDDP to form polysulfides, thereby promoting flotation.




	(3)

	
DFT calculations show that, compared with NaIX and BHA, CDDP has the largest negative adsorption energy on the surface of azurite, with an adsorption energy of 164.707 KJ/mol, and the strongest interaction with the mineral surface, making it easier to perform direct flotation.
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Figure 1. XRD pattern of the azurite samples. 
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Scheme 1. Synthetic route of CDDP. 
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Figure 2. Flowsheets of flotation experiments of pure azurite mineral. 
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Figure 3. (a) Effect of pH value on azurite flotation; (b) effect of collector dosage on azurite flotation. 
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Figure 4. Effect of Na2S dosage on azurite floatability. 
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Figure 5. Relationship between the zeta potential of azurite and the pH values before and after the addition of collectors. 
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Figure 6. (a) FT-IR spectra of CDDP and CDDP+Cu2+; (b) FT-IR spectra of azurite before and after interacting with CDDP. 
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Figure 7. (a) Cu 2p XPS spectra of azurite; (b) Cu 2p XPS spectra of azurite + CDDP. 
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Figure 8. (a) S2p XPS spectra of azurite; (b) S2p XPS spectra of azurite + CDDP. 
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Figure 9. (a) O1s XPS spectra of azurite; (b) O1s XPS spectra of azurite + CDDP. 
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Figure 10. The surface morphology of azurite: (a,b) before CDDP treatment; (c,d) after CDDP treatment. 
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Figure 11. EDS spectrum of azurite: (a) before CDDP treatment; (b) after CDDP treatment. 
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Figure 12. Azurite crystal structure after structure optimization. 
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Figure 13. (a) Optimization model of CDDP−; (b) optimization model of BHA−; (c) optimization model of C5H11OCSS−. 
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Table 1. Chemical composition of the pure azurite mineral.
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	Element
	Cu
	Fe
	S
	SiO2
	Al2O3
	CaO
	MgO





	Content/%
	55.30
	0.34
	0.06
	0.8
	0.3
	0.01
	0.005
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Table 2. The atomic concentrations of azurite and collector-treated azurite samples.
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Sample

	
Atomic Concentrates, %




	
C 1s

	
O 1s

	
Cu 2p

	
S 2p






	
Azurite

	
21.65

	
26.47

	
51.35

	
0.53




	
Azurite + CDDP

	
25.02

	
23.88

	
48.00

	
3.10
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Table 3. Quantification of Cu 2p species in azurite and CDDP-treated azurite samples.
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Sample

	
Species

	
Cu 2p3/2binding Energy, eV

	
Species Distribution, %






	
Azurite

	
Cu(I)

	
-

	
0.00




	
Cu(II)

	
933.95

	
100.00




	
Azurite + CDDP

	
Cu(I)

	
953.95

	
28.58




	
Cu(II)

	
934.05

	
71.42
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Table 4. S2p quantification of azurite and CDDP-treated azurite.
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Sample

	
Species

	
Cu 2p3/2 Binding Energy, eV

	
Species Distribution, %






	
Azurite

	
-

	
-

	
0.00




	
Azurite + CDDP

	
S2−

	
164.68

	
80.17




	
Sn2−

	
165.90

	
19.83
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Table 5. The adsorption energy between collectors and azurite.
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	Species
	Adsorption Energy ΔE(KJ/mol)





	CDDP-Cu3(CO3)2(OH)2
	−164.707



	BHA-Cu3(CO3)2(OH)2
	−126.179



	C5H11OCSS-Cu3(CO3)2(OH)2
	−129.069
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