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Abstract

:

In this paper, a combined precipitation–flotation system is proposed for the removal of Fe(III), Zn(II), and Cd(II) as hydroxides. The efficiency of precipitation, as a function of pH, metal ion concentration, and dosage of the precipitating agent as the main variables, was evaluated. The results showed that 99% efficiency was attained from a mixture solution containing the three metal ions in sulfate media at pH 10.3 after 15 min of treatment. The sedimentation behavior showed that a larger precipitate facilitated solid/liquid separation at 30 min. The characterization of precipitates was performed by X-ray diffraction (XRD) identifying iron, zinc, and cadmium oxides; hydroxides; and sodium sulfate. For the flotation, a 20 mg/L solution of dodecylamine (DDA) was used as a collector. Such a solution allowed for the removal of 76% of precipitates in concentrate. An increase in the collector concentration diminished the float percentage due to the micelle formation and low adsorption of the collector on the surface of the precipitate. The results provide evidence of the effectivity of the removal of metal ions by the combined precipitation–flotation system as an alternative for the treatment of acid mine drainage (AMD) in less time in comparison with a sedimentation stage.
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1. Introduction


In Mexico, 4.4% of the consumption of water is related to industrial applications (including the mining industry), demanding direct exploitation of rivers, streams, lakes, or aquifers [1]. In the mining industry, large volumes of water are required in different areas of the comminution and concentration process [2]. For instance, in the gold industry, a tonne of water is used for each tonne of ore, whereas in the flotation process, 3–4 tonnes for a tonne of ore is required [3,4]. The water used in these processes is known as acid mine drainage (AMD) due to its low pH and high metal ion and sulfate concentrations. These characteristics are induced by sulfide mineral oxidation and hydrolysis reactions [5,6]. Fe, Cd, Zn, Cu, Mn, Pb, Ni, and Al are the most common metals found in AMD besides metalloids such as As, and their concentrations are related to the type of mineral processed [7,8,9]. The solubility of the metal ions in acidic media facilitates its dispersion, which in turn represents a detrimental effect on the environment and health [8,10]. The importance of the treatment of AMD lies in the inherent need for the removal of heavy metal ions, which can be toxic both for health and the environment, in addition to the option of reusing water, reducing consumption. Some studies suggested that the reuse of water can have important implications in other industries, as well [11].



Physical, chemical, and biological methods have been developed for AMD treatment [12,13,14,15]. Among these, chemical precipitation has advantages over other procedures, such as short reaction time, high recovery efficiency, good selectivity, and minimal operational management [10]. Furthermore, the technique allows for the removal of metal ions by the addition of a reagent, which in turn determines the type of solid formed, either sulfides or hydroxides [16,17]. Hydroxide precipitation is often performed by adding CaO, Ca(OH)2, or NaOH as reagents [12,18,19]. Variables such as metal ion concentrations, pH, and the nature of the precipitating agent directly influence the efficiency of the process, besides affecting the characteristics acquired by the solid particle. The main drawback of chemical precipitation is related to the solid–liquid separation since a portion of the precipitate remains suspended, hindering the solid recovery [17]. Because of that, the long sedimentation time which is needed to separate the water and precipitate is the main constraint. To address this, froth flotation, a well-known technique in the mining industry to concentrate ores through the separation of solids of a different nature (hydrophilic or hydrophobic) by adding a compound named a collector [20,21], has been proposed. Compounds such as sodium oleate, potassium ethyl xanthate, dodecylamine, and sodium dodecyl sulfate have been used as collectors for the recovery of precipitates [21,22,23,24]. Even more, some specialized techniques, such as precipitation–flotation, ionic flotation, reverse flotation, or adsorption flotation, represent alternatives to the removal of metal ions [23,25,26,27]. Nevertheless, a combined system of precipitation–flotation offers the possibility of performing both an efficient removal of metal ions and the recovery of solids. To achieve this, the nature of precipitates, composition, and surface charge must be considered [28,29]. Recently, ion flotation was employed to remove metal ions such as copper, lead, zinc, cadmium, and nickel from a low-concentration aqueous solution. The collector used was sodium dodecyl sulfate reaching efficiencies of 83–89% at pH 9 [24]. Nevertheless, ion flotation presented a high dependence of chemical speciation and was favored at alkaline pH values similar to chemical precipitation. The application of reverse flotation for the removal of iron oxides using dodecylamine as a collector in the presence of multivalent cations, achieving efficiencies of 85%, has been reported [30]. Regarding precipitation–flotation, recently, the interaction of Fe(III) as a controller of precipitate and hummics chelating as a precipitant agent was evaluated. Precipitation efficiency for Cu(II), Pb(II), and Zn(II) was enhanced to a level above 94% [31]. Subsequently, the same authors [32] combined Fe(III) and CTAB (cetyl trimethyl ammonium bromide) to increase particle size and to achieve a coarser and lighter structure. The final precipitate flocs are hard to be broken up, easy to be recovered, and efficient to be recovered by froth flotation, reaching a removal of 98–99%. The precipitation–flotation system has been also investigated for the extraction of other metal ions such as Rb(I) and Cs(I) from aqueous solutions using ammonium phosphowolframate as the precipitating agent and CTAB as the collector [33]. According to the authors, the extraction efficiency can reach almost 100% under optimal experimental conditions.



The viability of the precipitation–flotation system depends on determining the optimal conditions for each step. Therefore, providing information to improve the solid–liquid separation and to assure the composition of the precipitates will allow further control and assessing the possibility of recovering valuable metals [5,8]. Most references focus on precipitation efficiency, leaving aside the sedimentation, characterization, and further recovery of solids. On the other hand, characterization of the precipitates and tailings after flotation is limited. Complete knowledge of the precipitation–flotation system will offer the mining industry an alternative for the efficient treatment of AMD that in the long term contributes to more sustainable mining, reducing its environmental impact in terms of water consumption and the high heavy metal ion concentration in wastewater [34].



This research aim was to systematically evaluate the chemical precipitation of Fe(III), Cd(II), and Zn(II) as hydroxides and the evaluation of the flotation of precipitates by the dodecylamine (DDA) as a collector. A characterization of precipitates, concentrates and tailing after flotation was performed.




2. Materials and Methods


2.1. Reagents


All reagents were analytical grade (purity ≥98%). Solutions containing metal ions were prepared by dissolving the appropriate amount of the salts ZnSO4 (J.T. Baker), Fe2(SO4)3, and CdSO4 (Q. Meyer) in distilled water with a fixed sulfate content given by 0.1 mol/L H2SO4 (Q. Meyer) to simulate an AMD. The dodecylamine (DDA) was supplied by Fluka Analytical and was used as a collector. Fresh solutions of NaOH and HCl (Q. Meyer) were used for pH control.




2.2. Precipitation Experiments


To establish the precipitation conditions, it was necessary to take into account the precipitation reactions for each metal ion. A chemical diagram of the logarithm of solubility as a function of pH was generated using the HYDRA/Medusa software, considering the metal ion concentrations in the precipitation experiments and the entire range of pH [35].



The chemical precipitation was carried out from solutions containing a mixture of the three metal ions at different concentrations. Such solutions, named MS1, MS2, and MS3, are presented in Table 1. Precipitation was performed by adding NaOH as a precipitating agent, evaluating the effect of pH 5.3, 9.0, and 10.3, based on the chemical diagram. Dosage rates of NaOH of 2.5, 5.0, 7.5, and 10.0 mL/min were evaluated at pH 10.3 to assure the precipitation of the three metal ions. In all cases, the time of precipitation was 15 min using 2 L of mixture solution and was maintained at room temperature under constant stirring (150 rpm) unless otherwise stated. pH was adjusted to the desired value by adding a fresh solution of NaOH or HCl and was monitored by a Hanna Potentiometer HI2550. The instrument, with a pH combined glass electrode, was previously calibrated using pH 7, 4, and 10 buffer solutions (Hanna Instruments).



After precipitation, all samples were vacuum filtered through a 0.22 μm membrane (GSWP4700, Merck Millipore Ltd.) and the residual solution was acidified with 2 mol/L HCl to avoid further precipitation. The recovered solids were dried in an oven at 105 °C for 2 h and stored in a desiccator until their characterization.



Quantification of the metal ions concentration, at the initial and final conditions, was performed by Atomic Absorption Spectroscopy in a Perkin-Elmer 3100 equipment. Calibration was brought out from 1000 mg/L standard solutions containing Fe, Zn, or Cd (Sigma-Aldrich).



Mass balances for the different metal ions were obtained with the following equation:


   C 0  ·  V 0  =  C f  ·  V f  + M     I I I   o r   I I     p r e c i p i t a t e d    



(1)




where C0 and Cf are the initial and residual concentrations of the different metal ions (mol/L), respectively; V0 and Vf are the initial and residual volume of solutions (L), respectively; and M(III or II) represents the mass of metal ions such as Fe(III), Cd(II), or Zn(II) that were precipitated. Considering Equation (1), the precipitation efficiency (PE) can be calculated as:


  P E    %  =    C 0  ·  V 0  −  C f  ·  V f     C 0  ·  V 0    · 100  



(2)







Sedimentation behavior after precipitation at pH 10.3 was determined from the MS1, MS2, and MS3 solutions, with dosage rates of 2.5, 5.0, 7.5, and 10.0 mL/min of NaOH as the precipitant agent. After precipitation, the slurry was transferred to a 1 L Imhoff cone and was treated according to the standard method [36]. Sediment volume expressed in mL was plotted as a function of time for each solution. Solids were then filtered and dried as was described previously. To obtain the particle size distribution, the dry precipitates were screened through 16, 35, 60, 120, and 325 mesh sieves (Tyler Standard) in a vibratory sieve shaker Retsch AS-200 for 1 min. The particle size distribution was calculated from the retained fraction on each sieve.




2.3. Flotation Test


Flotation tests were developed by obtaining the precipitates from 125 mL of MS1 or MS3 solutions at pH 10.3. Subsequently, the precipitates were conditioned for 10 min, adding dodecylamine (DDA) as a collector. The conditioned slurry was later transferred into a Hallimond tube and kept for 10 min under a constant flow of 20 mL/min of N2 to promote the flotation of solids. A scheme describing the complete process of precipitation–flotation is presented in Figure 1.



After flotation, the concentrate (floated mass, mc) and tailings (non-floated mass, mt) were recovered, dried as described above, and weighed in an AB135 Mettler-Toledo analytical balance. Subsequently, they were stored in a desiccator until characterization.



The flotation efficiency was calculated as follows:


  %   F l o t a t i o n   e f f i c i e n c y =    m c     m f      ×   100  



(3)




where mf is the mass of the precipitate in the feed (mg) and mc corresponds to the mass of the precipitate in the concentrate (mg). The mf value can be obtained from the sum of mc and mt.




2.4. Characterization of Samples


The recovered solids from precipitation and flotation experiments were analyzed in a D8 Advance Davinci Diffractometer (Bruker) with Cu-Kα radiation and Ni filter. Data were recorded in a range 2 Theta of 10° to 90° with a step size of 0.02° and 0.6 sec. Indexation of the peaks was performed with the JCPDS cards of the DIFRAC.EVA software database.



The zeta potential (ζ) values of precipitates obtained from MS1, MS2, and MS3 solutions were measured in a ZetaProbe Analyzer (Colloidal Dynamics) using 5 g of the sample at 1.8% of solids in a KCl 1 × 10−3 mol/L solution to assure a constant ionic strength at pH values between 4 and 11.





3. Results and Discussion


3.1. Chemical Precipitation


3.1.1. Solubility of Precipitates


Formation of Fe(III), Zn(II), and Cd(II) hydroxides involve the chemical equilibrium depicted in the following reactions (4)–(6) that are highly dependent on metal ion concentration and pH value:


  F e     O H     3  s    ⇌ F  e    a q     3 +   + 3 O  H    a q    −  ,  



(4)






  Z n     O H     2  s    ⇌ Z  n    a q     2 +   + 2 O  H    a q    −  ,  



(5)






  C d     O H     2  s    ⇌ C  d    a q     2 +   + 2 O  H    a q    −  ,  



(6)







Considering these reactions, an increase in hydroxide concentration [OH−] enhances the metal hydroxide formation because the chemical equilibrium is displaced in the direction of the Fe(OH)3(s), Zn(OH)2(s), and Cd(OH)2(s) formation. Figure 2 shows a logarithmic diagram of the solubility of Fe(III), Zn(II), and Cd(II), in terms of pH for 1.29 × 10−3, 1.70 × 10−3, and 0.93 × 10−3 mol/L, respectively, in the presence of 0.1 mol/L of SO42−, conditions that correspond to the MS1.



At acid pH values (0–2), the three metal ions are soluble. Fe(III) sharply decreases its solubility due to its precipitation as Fe(OH)3(s) according to the reaction (4). From pH 2 until pH around 8, it reaches a minimum value of solubility. The solubility of Zn(II) and Cd(II) diminishes around pH 7.5 and 8, respectively, related to reactions (5) and (6). Between pH 8 and 11, the lowest solubility of Zn(II) is observed, whereas for the Cd(II), a pH of 11 is required. Although the solubility is increased again by raising pH above 8, for the case of Fe(III) or Cd(II), this does not represent a loss in efficiency because the solubility does not exceed 10−8 or 10−6 mol/L, respectively, even at pH 14. This means that the final concentration is several orders of magnitude less than the initial one. The solubility of Zn(II), unlike the other metal ions, can be increased above pH 11, until the complete redissolution of precipitate is achieved, affecting the efficiency notably.



Based on the previous diagram, three conditions of pH were selected (5.3, 9.0, and 10.3, as indicated with dotted lines in Figure 2) to evaluate the precipitation of Fe(II), Zn(II), and Cd(II) from mixture solutions MS1, MS2, and MS3. At pH 5.3, it is possible to precipitate the Fe(III) without Zn(II) or Cd(II), whereas at pH 9.0, the precipitation of Fe(III) and Zn(II) can be reached. Finally, at pH 10.3, the hydroxide formation from the three metal ions can be obtained, avoiding the redissolution of Zn(OH)2(s).




3.1.2. Effect of pH and Initial Concentration for Mixed Metal Ions Solutions on Precipitation Efficiency


Figure 3a shows the simultaneous precipitation efficiency of Fe(III), Zn(II), and Cd(II) at different pH values from MS1. The Fe(III) precipitation was higher than 99% at all pH conditions evaluated in the presence of Cd(II) and Zn(II). At pH 5.3, a slight precipitation of Cd(II) and Zn(II) (<2%) was obtained, which is in agreement with the diagram of Figure 2. At pH 9.0, the precipitation efficiency for Zn(II) was superior to 99%, while Cd(II) reached only 40%. The complete precipitation of three metal ions was reached at pH 10.3 from MS1.



Figure 3b,c report the precipitation efficiency of metal ions from MS2 and MS3, respectively. In the case of Fe(III), precipitation efficiency remained at 99% when the initial concentration was increased from 1.29 × 10−3 to 13.40 × 10−3 mol/L. Results of Zn(II) precipitation efficiency for the MS2 and MS3 were higher than 99% at pH 9.0 and 10.3. The same behavior was observed for the precipitation efficiency of Cd(II). The precipitation behavior from mixed solutions corresponds to that found in single metal ion solutions. At these conditions, OH− concentration in the system is enough to react with the metal ions and form the hydroxides species. An increase in the initial concentration values improves the precipitation efficiency at the same pH. This effect can be explained by the high concentration of metal ions and sulfates in media, which induces an increase in the ionic force, and then the solubility of hydroxides diminishes [17]. Therefore, an increase in initial concentration promotes the hydroxide formation to begin at lower pH values. Similarly, results about the precipitation in the presence of metal ions were reported [18,37]. For an efficient removal of the metal ions from a mixture solution, a pH of 10.3 is appropriate. Nevertheless, it is worth noting that it is possible to achieve selective precipitation, removing Fe(III) at pH 5.3, Zn(II) at pH 9.0, and Cd(II) at pH 10.3.




3.1.3. Effect of Dosage Rate NaOH on Settling Behavior and Particle Size


To evaluate the characteristics of the precipitates obtained from the mixed metal ion solutions, the sedimentation behavior and the particle size were analyzed. Figure 4a shows the sedimentation behavior of precipitates from MS1. For all dosage rates, an initial rapid sedimentation stage was observed, followed by a slower hindered stage. Finally, an increase in the dosage rate slightly increased the sedimentation velocity, reaching the compression zone after 30 min.



Figure 4b,c show the effect of the dosage rate on the settling behavior of precipitates from MS2 and MS3, respectively. Both figures show that the sedimentation rate was lower in comparison with MS1, Figure 4a. A continuous hindered sedimentation stage was observed from the first minutes of treatment, induced by the higher solid concentrations [38]. A higher sedimentation volume was obtained for the largest solid concentration (sludge MS3) and the compression stage was reached after 45 min. These results are coherent with those previously reported [39]. The initial concentration of the metal ion has a notable effect on the sedimentation rate, being higher when the initial concentration is lower (MS1). In this case, the compression stage is quickly achieved due to the low solid content. The fast sedimentation rate for all precipitates is related to the presence of iron hydroxide that is commonly used as a flocculant, promoting, in turn, a fast solid–liquid separation.



Sedimentation behavior is also affected by the particle size of the precipitates. Figure 4d displays the particle size distribution of the precipitates formed from MS1. A dosage rate of the precipitating agent between 2.5–7.5 mL/min promotes particle sizes in a wide range (45–1000 μm). However, a somewhat higher particle size (250–1000 μm) was obtained for 10 mL/min. According to Stoke’s law, the largest particles are settled first [40] and, therefore, the rapid sedimentation rate observed in Figure 4a is related to the particle size of precipitates. A shift towards larger sizes in the distribution was observed for precipitate from MS2 (Figure 4e). This phenomenon is related to an increase in the initial concentration, during which the relative saturation of the solution augments and the particle growth is favored. Similar behavior is observed for the precipitates from MS3 (Figure 4f). Figure 4e,f show a bimodal particle size distribution that can be attributed to the fact that the smaller particles are rearranged seeking to minimize the surface area, forming larger particles. The results demonstrated the suitable properties of precipitates to reach sedimentation. However, solid–liquid separation is needed even when the precipitates are sedimented. Characterization of precipitates was conducted to establish composition and surface charge of the particles.




3.1.4. Characterization of Precipitates


The results of XRD analysis for the obtained solid precipitates at pH 10.3 from MS1, MS2, and MS3 are shown in Figure 5. The diffraction pattern of the precipitate from MS1 (Figure 5a) shows a diffuse peak around 13° related to the low crystallinity of iron species and induced by the aggregation of ferrihydrite Fe(OH)3 at pH > 7.5 due to van der Waals forces [41]. The crystallinity of iron precipitates is strongly influenced by the presence of sulfates during precipitation, slowing the transformation of amorphous at crystalline solid [42]. Other species found in the precipitates correspond to zinc oxide, ZnO (PDF 00-021-1486). The formation of zinc oxide, ZnO, implies the precipitation of amorphous Zn(OH)2, which, once dry at room temperature, crystallizes as the oxide identified in the diffractograms [43,44]. Olivera [45] associated the same species in the precipitation with NaOH at pH 10.5. The cadmium was precipitated mainly as cadmium hydroxide, Cd(OH)2 (PDF 04-018-0813), and cadmium oxide, CdO (PDF 00-039-1221). Unlike Zn(OH)2, Cd(OH)2 is more stable [44], remaining as this specie in the precipitate. Some signals can also be assigned to sodium sulfate, Na2SO4 (PDF 00-001-0990). This solid is present as a by-product of metal ion precipitation with a strong base, NaOH. Its formation is performed by the following reaction:


  2 N  a    a q     2 +   + S  O  4   a q     2 −   ⇌ N  a 2  S  O  4  s     



(7)







The presence of Na2SO4 in the precipitate is an indication of a decrease in the concentration of dissolved sulfates, contributing to its removal while the metal ions precipitate [46]. Unlike the use of Ca(OH)2 or CaO as precipitating agents, the NaOH leads to the formation of a less bulky sludge [47]. Using this agent also improves the efficiency of precipitation because it possesses a higher capacity for the removal of metal ions [19]. In the XRD patterns from precipitates of MS2 and MS3 (Figure 5b,c), the signals show a higher intensity owing to a greater amount of precipitates.



To establish the surface charge, as it is shown in Figure 6, the zeta potential (ζ) of precipitates was obtained from MS1, MS2, and MS3. The zeta potential value is similar for the three samples, showing a positive charge at acid pH with trends to a zero charge value around pH 10.5. Considering the characterization by XRD of the precipitates, the presence of oxides promotes a positive charge at acid pH values, while a negative zeta potential is observed at basic conditions due to its amphoteric behavior [48]. An increase in the zeta potential value in an acid pH value is related to the redissolution of precipitates of Zn(II) and Cd(II). These remain in the solution and contribute to the positive charge. At a precipitation pH of 10.3, the zeta potential value is close to the point of zero charge (PZC) or slightly negative (MS1).





3.2. Flotation of Precipitates


3.2.1. Effect of the Mass of the Precipitates and the Dodecylamine Concentration (DDA)


To evaluate the flotation of the precipitates obtained from MS1 and MS3, dodecylamine was added as a collector in a 20 mg/L concentration. The flotation efficiency in the concentrate and tailings is shown in Figure 7a.



The flotation efficiency for MS1 was higher than MS3. In the case of MS3, the amount of concentrate and tailings was practically the same. This result is related to the mass of precipitate obtained, which is higher for MS3 than MS1. The addition of DDA as a collector was not enough because of the large amount of solids inhibiting flotation of precipitates. Then, the effect of DDA concentration on the flotation efficiency was evaluated for the precipitates from MS1 (Figure 7b). An increase in the collector concentration promotes an increase in the floated fraction until, at a maximum of 20 mg/L, it reaches 75.21% floated mass. DDA is a weak electrolyte and its adsorption in the surface is favored at high pH values [49]. At this point, higher flotation efficiencies are promoted by the adsorption of collector molecules at the surface of the precipitate. Above 20 mg/L of DDA, the float percentage shows a decreasing trend, with efficiency values of 74.5 and 69.2% for 50 and 100 mg/L of DDA, respectively. The decrease in the flotation efficiency value can be attributed to the collector concentration used, which was higher than the critical micellar concentration (CMC) of 10−4 kmol/m3 or 18.5 mg/L at basic pH conditions [50]. At a concentration level below that of the CMC, the DDA is dissolved and can be adsorbed on the surface of the precipitate. When the concentration is increased above the CMC, the DDA forms aggregates named micelles that limit the amount of the collector that can be absorbed on the precipitate surface. Consequently, the flotation efficiency diminishes when the DDA concentration is increased. This result leads us to conclude that a 20 mg/L concentration of DDA is the optimal condition to assure the maximum recovery of precipitates.




3.2.2. Characterization of Concentrates and Tailings


Once the precipitates were floated, XRD was performed on both the concentrate and the tailings displayed in Figure 8a,b, respectively. In the XRD pattern obtained for the concentrate, there are signals corresponding to the oxides and hydroxides of Fe, Zn, and Cd with higher intensities in comparison with the diffractogram of tailings. Those peaks, which have been attributed to the Na2SO4, were noticeable in both concentrate and tailings, although the absolute intensity is lower in the concentrate than in the tailings. This result shows that the flotation process offers the possibility of a selective separation of the different precipitates.






4. Conclusions


In this study, the precipitation–flotation system was applied successfully to the removal of heavy metal ions as hydroxides. Chemical precipitation of Fe(III), Zn(II), and Cd(II) was evaluated, showing a precipitation efficiency higher than 99% for the three metal ions at a pH value of 10.3. Metal oxides and hydroxides were identified in the precipitates by XRD analysis. The increase in the concentration of the metal ions in the solution promotes an increase in particle size. The DDA was evaluated as a collector to separate the different precipitates by flotation with a 10-min conditioning time. When the collector concentration was increased above the CMC, the flotation efficiency diminished due to the formation of aggregates of the DDA that inhibit its adsorption in the precipitate surface. Characterization by XRD after flotation demonstrated that the metallic phases (metallic oxides and hydroxides) remain preferentially in the concentrate, whilst it was found that the tailings were primarily composed of Na2SO4. The results of this work on the precipitation–flotation system contribute to the knowledge of the precipitation, conditioning, flotation, and solid recovery stages. Characterization of the precipitates suggests that the concentrate can have a commercial value while the high removal of metal ions from AMD offers the possibility of the reuse of water. These aspects allow improving the efficient use of water for a more sustainable mining industry.
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Figure 1. Scheme of the precipitation–flotation system. 
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Figure 2. Logarithm of solubility of metal ions vs pH diagram. [Fe(III)] = 1.29 × 10−3 mol/L, [Zn(II)] = 1.70 × 10−3 mol/L, [Cd(II)] = 0.93 × 10−3 mol/L, and [SO42−] = 0.1 mol/L. 
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Figure 3. Effect of pH and initial concentration on precipitation efficiency from mixed metal ion solution: (a) MS1; (b) MS2; (c) MS3. Precipitation time: 15 min. 
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Figure 4. Sedimentation behavior and particle size of precipitates. (a,d) MS1; (b,e) MS2; (c,f) MS3 as a function of dosage rate of NaOH. Precipitation time: 15 min. 
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Figure 5. X-ray diffraction patterns of precipitates from mixed metal ions solution: (a) MS1; (b) MS2; (c) MS3. 
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Figure 6. Zeta potential (ζ) of precipitates obtained from MS1, MS2, and MS3 as a function of pH. 
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Figure 7. (a) Flotation efficiency for MS1 and MS3 (DDA concentration 20 mg/L). Insert: Mass percentage in tailing for MS1 and MS3. (b) Effect of DDA concentration in flotation efficiency from MS1. 
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Figure 8. X-ray diffraction patterns of solids from MS1 after flotation: (a) concentrate, (b) tailings. 
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Table 1. Concentrations of metal ions in mixed solutions.
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Mixed Solution

	
Metal Ion Concentration × 10−3, mol/L




	
Fe(III)

	
Zn(II)

	
Cd(II)






	
MS1

	
1.29 ± 0.02

	
1.70 ± 0.02

	
0.93 ± 0.01




	
MS2

	
6.76 ± 0.19

	
7.79 ± 0.04

	
4.57 ± 0.04




	
MS3

	
13.40 ± 0.19

	
15.48 ± 0.08

	
9.03 ± 0.06
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