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Abstract

:

The Zn(II) and Mn(II) removal by an ion flotation process from model and real dilute aqueous solutions derived from waste batteries was studied in this work. The research aimed to determine optimal conditions for the removal of Zn(II) and Mn(II) from aqueous solutions after acidic leaching of Zn-C and Zn-Mn waste batteries. The ion flotation process was carried out at ambient temperature and atmospheric pressure. Two organic compounds used as collectors were applied, i.e., m-dodecylphosphoric acid 32 and m-tetradecylphosphoric 33 acid in the presence of a non-ionic foaming agent (Triton X-100, 29). It was found that both compounds can be used as collectors in the ion flotation for Zn(II) and Mn(II) removal process. Process parameters for Zn(II) and Mn(II) flotation have been established for collective or selective removal metals, e.g., good selectivity coefficients equal to 29.2 for Zn(II) over Mn(II) was achieved for a 10 min process using collector 32 in the presence of foaming agent 29 at pH = 9.0.
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1. Introduction


Ecological aspects and an increasing depletion of polymetallic ores generate the need for research on new nonferrous materials in unused and hard-to-reach places as well as for the improvement in techniques used to recover metals from secondary sources. There is a growing interest in the recovery of metals from electrical and electronic solid wastes [1,2,3,4,5,6], batteries and accumulators [7,8,9,10], as well as car catalysts [11]. The main advantages of waste treatment are the recovery of valuable metallic materials and the prevention of the release of toxic metals into the natural environment. There are effective industrial methods for the treatment of waste batteries and accumulators; nevertheless, due to the changes in quantity and quality of waste stream composition, new innovative and ecological technologies are involved [12]. They are characterized by high and selective recovery of metals at low cost [13,14,15].



Hydrometallurgical methods can be effectively used for the recovery of metals from secondary sources [16]. Due to economic and environmental aspects, flotation methods stand as an alternative for recovering metals from secondary sources [17,18]. The ion flotation process is effective for diluted aqueous solutions and can be selective using specific collectors [19,20].



Sobianowska-Turek et al. [21] used flotation methods, i.e., ion flotation and solvent sublation for Zn(II) and Mn(II) removal from a dilute model and real aqueous solutions from a Zn-C and Zn-Mn black battery mass after mechanical treatment and acidic leaching. The ionizable lariat ethers were used as collectors (Table 1, compounds 1–7). Macrocyclic organic compounds possessing three different crown sizes: DB22C7 1, 2, 3, DB19C6 4, 6, 7, and DB16C5 5 were applied. As the foaming agent, Triton X-100 was used (Table 2, 29). Ion flotation from aqueous solution at pH equal to 5.0 with collectors 2 and 3 allowed the removal of Zn(II) and Mn(II) at 98%, i.e., higher than in the solvent sublation process (Zn(II) —81%, Mn(II)—85%). Ulewicz et al. [22,23,24] studied several proton-ionizable lariat ethers (Table 1, 5–21) for Zn(II) and Cd(II) removal from aqueous solutions in ion flotation. In [24], a correlation between lariat ethers’ crown size and the selectivity of the Zn(II) over Cd(II) flotation process was found. It was also shown that there is a significant influence of specific parameters on the efficiency and selectivity of the ion flotation process. These parameters were the type of lipophilic and acidic groups, collector concentration, and pH of the aqueous solution. Ion flotation with lariat ethers 8–12 in the presence of a foaming agent 29 allowed for removal of Cd(II) and Zn(II) from dilute aqueous solutions with high efficiency. Collector 12 gave high flotation selectivity for Cd2+ over Zn2+ (SCd/Zn ≅ 7) at pH 4.0, (Cd(II)) = (Zn(II)) = 1.0 × 10−5 M, (12) = 1.0 × 10−4 M, (29) = 2.0 × 10−4 M. Ulewicz et al. [22] applied lariat ethers 13–21 for Zn(II) and Cd(II) removal from aqueous solution. The results proved the influence of the crown ether cavity size, collector concentration, and pH of aqueous solution on the efficiency of Zn(II) and Cd(II) removal. Maciejewski et al. [25] found the correlation between the maximal percent removal of metals and the following parameters: initial concentrations of lariat ether and the non-ionic foaming agent, the pH of the aqueous solution as well as hydrophilic–lipophilic balance (HLB). In addition, Ulewicz et al. [23] studied other collectors, i.e., 22–28, for Zn(II) and Cd(II) flotation from aqueous solutions. A correlation between structural variability of ethers concentration of alkali metal cations, collector concentration, pH of aqueous phase, and the efficiency of metals removal was confirmed. They also studied the HLB of ethers impact on selectivity of Zn(II) and Cd(II) in ion flotation. Kozlowski et al. [26] compared the effectiveness of ion flotation and transport across polymeric inclusion membranes for Zn(II) and Cd(II) recovery from aqueous solutions. The experiments were carried out for aqueous chloride solutions containing an equimolar mixture of both cations, with the use of two classical collectors/carriers: i.e., anionic—30 and cationic—31 (Table 2). Finally, they found that the use of a cationic surfactant 31, causes the selectivity coefficient of Cd/Zn to increase with the increasing concentration of chloride ions (from dilute aqueous solutions both metals at concentrations of 1 × 10−5 M).



Selective removal of Zn(II) and Ag(I) in ion flotation with a classical collector from diluted aqueous solutions was done by Charewicz et al. [27]. Anionic collectors used in the process were 30 and ammonium tetradecyl sulfate, while as a cationic collector, they used 31. The Zn(II) can be selectively removed from acidic dilute aqueous solutions of both metals because Zn2+ has a much greater affinity for anionic collectors than Ag+. They indicated that collective removal of both metal ions is possible in the presence of thiosulphate or thiocyanate ligands. For the first ligand, silver(I) ions are a mixture of [Ag(S2O3)]− and [Ag(S2O3)2]3− form, while the Zn(II) remain in the aqueous phase as Zn2+. However, a partial removal of Zn(II) and Ag(I) ions was obtained in the presence of cyanide ligands, where Zn(II) ions were in the cyanide anionic form, and the removal was 92–98%, which is higher than for Ag(I) (73–82%). Jurkiewicz [29] studied the influence of collectors, such as chloride, bromide, iodide, and cetyltrimethylamine thiocyanate, for the removal of anionic complexes of Zn(II) forms from aqueous solutions in the ion flotation process. It was shown that the removal of Zn(II) ions depends on the nature of the ligand. He also indicated that the amount of zinc–thiocyanate complexes decreased with the type of acid in the following order: HCIO4 < H3PO4 < HCl < H2SO4 < no acid. Walkowiak [28] conducted research on the Zn(II) and Mn(II) removal from an equimolar mixture of cations: Zn2+, Mn2+, Co2+, Fe3+, Cr3+. The selective removal of Zn(II), Mn(II) in a flotation process with anionic collectors (sodium dodecylsulfonate or 30) in the presence of other metals in aqueous solutions increased in the order: Mn2+ < Zn2+ < Co2+ < Fe3+ < Cr3+. Trivalent cations have a better affinity for the anionic collector since they have higher ionic potential values.



The aim of the experimental work in this article was the Zn(II) and Mn(II) flotation process from model and real solutions after acid leaching of black battery mass originating from spent Zn-C and Zn-Mn batteries. It allowed the determination of the factors influencing the efficiency and selectivity of the process.




2. Materials and Methods


2.1. Apparatus and Measuring Equipment


The main component of the apparatus for ion flotation was a glass flotation column, size 45.7 cm (height), 2.4 cm (diameter), equipped with a sintered glass sparger possessing a hole diameter of 20–30 μm. Above the porous sinter, there was an injection-capable valve in the column for introducing a collector and/or a foaming agent. The argon gas surface was introduced into the flotation column by a gas flow meter and aqueous scrubber. The foam generated in the process was collected in a tank. The process was carried out at ambient temperature (20–21 °C), at atmospheric pressure, and constant argon gas flow (12 cm3/min). The Zn(II) and Mn(II) concentrations in feed and residual solutions (model and real) were measured by atomic absorption spectrometry on a VARIAN®, Palo Alto, California, USA SpectrAA 20 Plus spectrometer.




2.2. Characteristics of Reagents and Tested Solutions


The initial concentrations of metal cations in base model aqueous solution (both metals mixture) were Zn(II)—0.00168 M and Mn(II)—0.00091 M. The known weight ratio of Zn(II) to Mn(II) content, equal to 2.14:1.00, was a reference to the number of ions in the solution derived from the acidic non-reducing leaching of the black battery mass [21] which was carried as follows. This solution was prepared by dissolving chemically pure compounds ZnSO4·7H2O and MnSO4·5H2O of respective sample weights in demineralized water (conductivity 5.0 μS at 20 °C). The material used to prepare the real aqueous solution was a mixture of paramagnetic and diamagnetic fractions mixed in a 2:1 weight ratio of Zn-C and Zn-Mn batteries generated after mechanical treatment and leaching with sulfuric acid [30]. Leaching was carried out using 500 g portions of batteries mixture. The tested material was flooded with distilled water (1.0 dm3) and leached with 95% sulfuric acid, added in the amount estimated to be necessary for leaching zinc and manganese, and the amount necessary to balance the H+ ions of the appropriate reduction reaction with a small excess. The leaching process was carried without heating with an average temperature of 55 °C. The measured concentration of Zn(II) and Mn(II) in the aqueous solution after leaching was 55.0 and 25.7 g/dm3, respectively [21]. The initial concentration of the cation mixture in the real aqueous solution was measured by ASA.



Two organic reagents, m-dodecylphosphoric acid 32 and m-tetradecylphosphoric acid 33 were used in the ion flotation process in ethanol solutions (Table 3) at initial concentrations equal to 5.0 × 10−3 M in the feed solution. A non-ionic foaming agent was used, Triton X-100 29 (1,1,3,3-tetramethylbutyl phenyl polyethylene glycol ether), in ethanol solution at an initial concentration equal to 2.0 × 10−4 M in an aqueous solution.



The sulfuric acid and ammonia solutions (at concentrations: 0.1, 0.5, and 1.0 M) were used to adjust the pH of the feed solutions. The collectors 32 and 33 were obtained at the Wroclaw University of Technology, Faculty of Chemistry University. The other reagents used were purchased from Avantor Performance Materials S.A., Gliwice, Poland (former POCH), all were of analytical purity.




2.3. Research Methodology


Flotation of Zn(II) and Mn(II) from a dilute aqueous model and real solutions was carried out in the apparatus presented in Figure 1. The initial volume of each aqueous solution was 100 cm3, and initial concentrations of Zn(II) and Mn(II) (in the mixture) were 0.00168 and 0.00091 M, respectively. In the real solutions experiments, the feed solutions were obtained after acidic leaching of Zn-C and Zn-Mn batteries, and the concentrations of Zn(II) and Mn(II) in the solution were 55.0 and 25.7 g/dm3, respectively. The pH feed solutions were adjusted with ammonia or sulfuric acid to pH values from 2.0 to 11.0. One cubic centimeter volume of collector and foaming agent was injected into the floated aqueous solution. The initial concentrations of the collector and foaming agent in the aqueous solutions were 5.0 × 10−3 M and 2.0 × 10−4 M, respectively. The ion flotation experiments were carried out for 5, 10, and 20 min, after which the samples of the residual solutions were collected to be analyzed. The argon gas was saturated with water, and the flow rate was maintained at 12 cm3/min through a sintered glass sparger. During the process, a foaming formation of the solutions was observed, and the pH of the residual solution was measured. The concentrations of Zn(II) and Mn(II) in the residual flotation solution were measured by atomic adsorption spectrometry to determine the maximal percent removal, which is described by Equation (1):


  W =  (  1 −   c r   c i    )  ∗ 100 %  



(1)




where W is the maximal percent removal, ci is the initial ion concentration in mol/dm3, cr is the ion concentration in the residual solution in mol/dm3.



Selective removal of Zn(II) and Mn(II) is describe by the selectivity Coefficient (2):


       S    M 1 / M 2   =    W  M 1      W  M 2      



(2)




where SM1/M2 is the selectivity coefficient for metal ions of the first and the second metal, WM1 and WM2 are the maximal percent removal for the first and the second metal.





3. Results and Discussion


3.1. Ion Flotations from Model Aqueous Solutions


	
Parameters influencing Zn(II) and Mn(II) flotation removal with collector 32






In the preliminary experiments, the influence of the time of the Zn(II) and Mn(II) flotation process was tested for collector 32 at pH = 5.0. The ion flotation tests were carried out for 5, 10, and 20 min, based on which it was found that the process runs within 10 min. In subsequent studies, flotations were carried out for 10 min.



The preliminary test with collector 32 in the ion flotation process indicated that this collector had a sufficient foaming capacity and can be used in the process without the addition of a foaming agent. Studied collector 32 was an ionogenic surfactant and consisted of two groups: hydrophilic—polar phosphate acid residue -OPO(OH)2 and lipophilic—a non-polar aliphatic one. The phosphate group of collectors can form ion-collector connections due to the presence of labile hydrogens.



	
Effect of pH solutions






In the first step of experiments, the influence of aqueous solution pH on Zn(II) and Mn(II) removal was tested for a pH equal to 2.0, 4.0, 5.0, 7.0, 9.0, 10.0, and 11.0. Ion flotation was carried out with collector 32 (5.0 × 10−3 M in aqueous solutions) in a 10 min process at initial concentrations (in the mixture): Zn(II)—0.00168 M and Mn(II)—0.00091 M. There was no foaming agent 29 used. The results of the Zn(II) and Mn(II) flotations are summarized in Table 4.



The Zn(II) and Mn(II) removal depends on the pH value, which can give a metals’ separation effect. The removal of Zn(II) increased from 80.4% to 99.7%, with an increase in pH from 2.0 to 7.0. A further increase in pH to 11 resulted in a rapid decrease in Zn(II) removal, which may be related to a change in the ionic form of Zn(II). At pH 8.0 to 10.0, these ions pass in aqueous solutions from a simple Zn2+ to Zn(OH)+ and Zn(OH)2, while in the pH ranges from 10.0 to 13.0, it is in the form of Zn(OH)3− and Zn(OH)42− anions which possess a significant influence on the process [31]. In strongly alkaline aqueous solutions the Zn(II) removal increased from 37.1% (pH = 10.0) to 60.1% (pH = 11.0).



The flotation removal of Mn(II) in the whole range of tested pH was above 50%. The highest removal (75.4%) for Mn(II) was achieved at pH = 2.0 after the 10 min process. The results of Zn(II) and Mn(II) ion flotation in the pH range studied show differences, which can be used for selective removal of both metal ions, but the selectivity of the process was low. At pH = 5.0, the value of the selectivity coefficient was 2.13. The best collective removal of Zn(II) (99.7%) and Mn(II) (73.8%) after 10 min was obtained at pH 7.0.



	
Effect of foaming agent presence






In addition, Zn(II) and Mn(II) flotation was also conducted with collector 32 in the presence of Triton X-100 29, at a concentration equal to 2.0 × 10−4 M. The function of the foaming agent was to develop a liquid–gas surface and to form a stable foam over the solution, which is crucial in the ion flotation process. The removal of Zn(II) and Mn(II) was performed with 32 (initial concentration of 5.0 × 10−5 M in feed solution) in the presence of foaming agent 29 (2.0 × 10−4 M) in the pH range of 2.0 to 11.0 for 10 min. The results are presented in Table 4. Despite a significant improvement in the interfacial surface in the solution and a stable foam over the solution, the addition of foaming agent caused a decrease in Zn(II) removal at pH = 2.0, 5.0, and 7.0. Comparing the results for Zn(II) removal with and without the addition of foaming agent, it can be indicated that the addition of 29 lowers Zn(II) removal by half (from 80.4% to 40.1%) at pH = 2.0. At pH = 5.0, the removal of Zn(II) decreased by 17.5%, while for a neutral solution, the reduction in Zn(II) removal rate was 8.0%. In an acidic environment, the addition of 29 increased Zn(II) removal to 99.6% only at pH 4.0. On the other hand, in alkaline solutions, the foaming agent addition increased the Zn(II) removal, at pH = 9.0, from 50.7% to 96.3%, at pH = 10.0, from 37.1% to 77.2%, and at pH = 11.0, from 60.1% to 86.8%. It was probably related to the observed higher foaming intensity during the flotation process.



For Mn(II) flotation, the addition of 29 significantly decreased metal removal with pH = 9.0. The results were very low in comparison to process without foaming agent: by 22.3% for pH = 2.0, by 36.5% for pH = 4.0, by 27.5% for pH = 7.0, and by 65.5% for pH = 9.0. This situation may be caused by the collector’s flotation and thus lowering of the concentration of its ionized forms in the solution, which also reduces the number of ion-collector connections.



Therefore, it is possible to obtain relatively good selectivity for Zn(II) over Mn(II) after 10 min of the flotation process. At pH = 7.0, the selectivity coefficients were equal to 10.9 and at pH = 9.0–29.2 (see Table 4). Finally, it can be concluded that the addition of a foaming agent to the ion flotation processes decreases collective removal of metals but increases selective removal of Zn(II) over Mn(II).




	
Parameters influencing Zn(II) and Mn(II) flotation removal with collector 33








In the preliminary experiments, the influence of the time of the Zn(II) and Mn(II) flotation process was tested for collector 33 at pH = 5.0. The ion flotation tests were carried out for 5, 10, and 20 min, based on which it was found that the process runs within 10 min. In subsequent studies, flotations were carried out for 10 min.



	
Effect of pH solution






The preliminary test with collector 33 in the ion flotation process indicated that the collector had a sufficient foaming capacity and could be used without the addition of a foaming agent. Studied collector 33 (similar to 32) was an ionogenic surfactant and consisted of two groups: hydrophilic—polar phosphate acid residue -OPO(OH)2 and lipophilic—a non-polar aliphatic one. In comparison to 32, collector 33 has a longer lipophilic group with two carbons in the alkyl chain, which caused an increase in lipophilic properties of the compound. The phosphate group of the collector is capable of forming ion-collector connections due to the presence of labile hydrogens.



The schema of experiments was similar to in the previous chapter (for collector 32). In the first step, the influence of the aqueous pH solution on Zn(II), Mn(II) removal was tested at pH 2.0, 4.0, 5.0, 7.0, 9.0, 10.0, and 11.0. Ion flotation was carried out with collector 33 (5.0 × 10−3 M in feed solution) in 10 min from the mixture of both metals at initial concentrations of Zn(II)—0.00168 M, Mn(II)—0.00091 M. There was no addition of 29. The results of the Zn(II) and Mn(II) flotation process are summarized in Table 5.



An influence of pH solutions on Zn(II) and Mn(II) removal with 33 had a variable character for each metal. The Zn(II) removal in the 10 min process slightly increased with pH value from 83.3% to 90.4% at pH = 5, then it systematically fell to 58.5% at pH = 9.0. A further increase in the pH value boosted Zn(II) removal to 99.1% at pH = 10.0 then slightly decreased to 91.6% at pH = 11.0. What is important, at pH = 7.0 and 9.0, the removal decreased slightly, which according to Eh-pH diagrams, may be related to the change in simple Zn2+ to Zn(OH)2, while, in strongly alkaline solutions, pH = 10.0 and 11.0, the removal increased, which may be related to the ionic form of the metal Zn(OH)3−.



The Mn(II) removal with collector 33 in the acidic solutions for the 10 min process were discontinuous, because the noticed results were 59.9% at pH = 2.0, 87.5% at pH = 4.0, and 20.2% at pH = 5.0. In the neutral solutions, Mn(II) removal rebound to 87.5%, similar to pH = 4.0, while the result was the same. Then the Mn(II) removal decreased linearly with the pH value to 59.5 at pH = 11. A quick analysis of the results indicates significant differences in the Zn(II) and Mn(II) flotation vs. pH solution value and process time. This situation allows the description of the optimal conditions for collective or selective removal studied cations. For example, collective removal is effective at pH = 4.0 in a 10 min process, which gave an 80.4% and 87.5% removal for Zn(II) and Mn(II), respectively. On the other hand, selective Zn(II) removal from a mixture of both metals is possible at a pH = 5.0 in a 10 min process, with a selectivity coefficient SZn/Mn = 4.48.



	
The influence of a foaming agent






The results of the Zn(II) and Mn(II) flotation process with collector 33 confirm sufficient foaming capacity, but in some experiments, the foam was very low. Therefore, in the experiments, the addition of foaming agent 29 at a concentration of 2.0 × 10−4 M was used in the feed solution in the 10 min process. According to results presented in Table 5, it can be concluded that Zn(II) and Mn(II) removals in the presence of 29 were often worse than without 29, despite strong solutions foaming in all range of tested pH solutions. The noticed relations were different for each metal. For example, the results for Zn(II) removal in the presence 29 were better (by 31.5%) only at pH = 7.0, at other pH values, the results were similar (pH = 4.0; 5.0; 9.0; 11.0) or worse (pH = 2.0; 10.0, by −45.0% and by −39.6%, respectively).



The results for Mn(II) removal in the presence of 29 were a few percent worse or similar at pH = 2.0, 4.0, 9.0, 10.0. In two cases, completely different results were obtained. The removal of Mn(II) at pH 5.0 in the presence of 29 was better by 74.3% and at pH 11.0 was worse by 28.4%. During Mn(II) flotations in the presence of 29 in an alkaline reaction, a lack of permanent foam formation was observed, which probably contributed to low results. These differences in the Zn(II) and Mn(II) removal (from a mixture of both metals) allowed their separation. For example, Zn(II) selective removal was possible at pH = 5.0 with 33 in a 10 min process (without 29), with a selectivity coefficient SZn/Mn = 4.78. For Mn(II), selective removal with 33 in the presence of 29 was possible at pH = 2.0 in a 10 min process, with SMn/Zn = 1.51.




3.2. Real Solution


The real solutions obtained after acid leaching of Zn-C and Zn-Mn batteries had a content of Zn(II) and Mn(II) in the solution of 55.0 and 25.7 g/dm3, respectively. The series of experiments with model solutions allowed the determination of the conditions for the selective Zn(II) removal from real solutions (mixture of both metals). The ion flotation with the real solution had been limited to the use of the collector 33 only and the following process conditions: pH 4.0, 7.0, and 9.0 in a 10 min process duration. The results are shown in Table 6. The selected conditions of the process enabled the selective separation of Zn(II), while Mn(II) remained in solution. Selective Zn(II) removal in a 10 min process from real solution was the best at pH = 9.0, and the selectivity coefficient for Zn(II)/Mn(II) was equal to 22.56. At pH = 4.0 and 7.0, the selectivity coefficients SZn/Mn were 6.28 and 8.90, respectively. Analysis of the collectors’ 32 and 33 properties at this stage is difficult and requires additional research in the field of physical surface physics, in particular the measurement of surface tension, hydrophilic–lipophilic balance. The preliminary results are very promising and are the starting point for further research on hydrometallurgical selective metals recovery from used cells of first Zn-C and Zn-Mn types, which are still the largest stream of used batteries on the European market [32].





4. Conclusions


The preliminary studies on the Zn(II) and Mn(II) flotation with 32 and 33 compounds proved that the substances can be considered as new collectors for selective and/or collective Zn(II) and Mn(II) removal. The research involved model and real solutions (after acid leaching of black battery mass originating from used Zn-C and Zn-Mn batteries). Through a series of experiments, it was possible to distinguish factors determining the efficiency and selectivity of the floatation process. Based on the findings, the following conclusions can be made.



	
The main parameters which affect Zn(II) and Mn(II) flotation are the type of collector, feed solution pH, concentration of collector and/or foaming agent, and process duration.



	
The collective Zn(II) and Mn(II) removal from dilute aqueous solutions in the ion flotation process with using collector 32 or 33 depended on the pH solution. High efficiency Zn(II) removal with collector 32 is possible in the pH range from 2.0 to 7.0 in a 10 min ion flotation process. It has been shown that the maximal percent removal of Zn(II) increased from 80.4% (at pH = 2.0) to 99.7% (at pH = 7.0). In the same experiments, results for Mn(II) removal were as follow: 75.4% and 73.8% for pH 2.0 and 7.0, respectively. On the other hand, effective removal of Zn(II) using second collector, 33, required alkaline solutions, and the observed removal was in the range of 99.1% (pH = 10.0) and 91.6% (pH = 11.0). In the same conditions, results for Mn(II) were 73.2% (pH = 10.0) and 59.4% (pH = 11.0).



	
The addition of foaming agent 29 affected Zn(II) removal in particular. Despite a significant improvement in the interfacial surface in the solution and a stable foam over the solution, the addition of 29 caused a decreased removal of both metals. Comparing the results for Zn(II) removal (using collector 32), it can be noticed that addition of 29 lowers Zn(II) removal by half (from 80.4% to 40.1%) at pH = 2.0. On the other hand, in an alkaline solution (using collector 32), the presence of a foaming agent increased the Zn(II) removal, at pH = 9.0, from 50.7% to 96.3%, at pH = 10.0, from 37.1% to 77.2%, and at pH = 11.0, from 60.1% to 86.8%. It was probably related to the observed higher foaming intensity during the flotation process. However, in the case of the second metal, it did not significantly affect the Mn(II) removal. Generally, in some cases, the addition of an agent is beneficial, especially in an alkaline feed solution.



	
The time of conducting the ion flotation process also had a significant influence on both metals removal. Comparing the results for Zn(II) and Mn(II) removal in 5 and 20 min processes, it can be concluded that the prolongation of the flotation time affects the results negatively, especially in the case of Zn(II), e.g., removal of Zn(II) with collector 32 in a 5 min process at pH = 5.0 was always over 80%, while in the 20 min process, it did not exceed 20%. Too long a process duration (above 10 min) negatively affects the removal of both metals.



	
It was found that the ion flotation process with collectors 32 or 33 can be an alternative to currently known processes in the recovery of metals from waste chemical energy sources. It is also possible to use ion flotation in a hybrid process, as one of the stages of the currently used hydrometallurgical recycling processes. There is also potential to regenerate a waste stream of a solution that would be purified and recycled back into the process.
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Figure 1. Scheme of ion flotation apparatus. 1—gas flow regulator, 2—aqueous scrubber, 3—flotation column, 4—injection capable valve (for collector), 5—sintered glass sparger, 6—foam receiver. 
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Table 1. Collectors used in Zn(II) and Cd(II) ion flotation process in the quoted works [22,23,24,25,26].
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Structural Formula

	
Number of the Chemical Compound

	
-R

	
-X

	
-Y-






	
 [image: Energies 14 01335 i001]

	
1

	
-C4H9

	
-O(CH2)3SO3Na

	
-(CH2)2O(CH2)2O(CH2)2O(CH2)2-




	
2

	
-C7H15




	
3

	
-C10H21




	
4

	
-C7H15

	
-(CH2)2O(CH2)2O(CH2)2-




	
5

	
-(CH2)2O(CH2)2-




	
6

	
-CH2CONHSO2CF3

	
-(CH2)2O(CH2)2O(CH2)2-




	
7

	
-OCH2COOH




	
 [image: Energies 14 01335 i002]

	
8

	
-H

	
-O(CH2)3SO3Na

	
-




	
9

	
-C3H7

	
-O(CH2)3SO3Na

	
-




	
10

	
-C10H21

	
-O(CH2)3SO3Na

	
-




	
11

	
-C10H21

	
-OCH2CO2H

	
-




	
12

	
-C4H9

	
‑OCH2PO(OH)(OC2H5)

	
-




	
 [image: Energies 14 01335 i003]

	
13

	
-C10H21

	
-OCH2COOH

	
-(CH2)2-




	
14

	
-C10H21

	
-O(CH2)3SO3Na

	
-(CH2)2O(CH2)2-




	
15

	
-C3H7

	
-O(CH2)3SO3Na

	
-(CH2)2O(CH2)2-




	
16

	
-H

	
-O(CH2)3SO3Na

	
-(CH2)2O(CH2)2-




	
17

	
-C4H9

	
-OCH2COOH

	
-(CH2)2O(CH2)2-




	
18

	
-H

	
-OCH2PO(OH)(OC2H5)

	
-(CH2)2O(CH2)2-




	
19

	
-CH3

	
-OCH2COOH

	
‑(CH2)2O(CH2)2O(CH2)2‑




	
20

	
-C2H5

	
-OCH2COOH

	
-(CH2)2O(CH2)2O(CH2)2-




	
21

	
-C3H7

	
-OCH2COOH

	
-(CH2)2O(CH2)2O(CH2)2-
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22

	
-

	
 [image: Energies 14 01335 i005]

	
-NH(CH2)3OH




	
23

	
-

	
 [image: Energies 14 01335 i006]

	
-NH(CH2)3OH




	
24

	
-

	
 [image: Energies 14 01335 i007]

	
 [image: Energies 14 01335 i008]




	
25

	
-

	
-O(CH2CH2O)3CH3




	
26

	
-

	
 [image: Energies 14 01335 i009]




	
27

	
-

	
 [image: Energies 14 01335 i010]




	
28

	
-
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Table 2. Additional compounds used in Zn(II) and Cd(II) ions flotation in the quoted works [26,27,28].
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	Structural Formula
	Chemical Compound Name
	Number/Function of Chemical Compound





	 [image: Energies 14 01335 i012]
	1,1,3,3-tetramethylbutyl phenyl polyethylene glycol ether
	29

foaming agent



	 [image: Energies 14 01335 i013]
	sodium dodecylbenzenesulfonate
	30

anionic collector



	 [image: Energies 14 01335 i014]
	cetylpyridinium chloride
	31

cationic collector
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Table 3. Characteristics of organic acids used for research as collectors for the process of ionic flotation.
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	Structural Formula
	Total Formula
	Chemical Compound Name
	Molar Mass, [u]
	Number/Function of Chemical Compound





	 [image: Energies 14 01335 i015]
	C12H27O4P
	m-dodecylphosphoric acid
	266.31
	32

collector



	 [image: Energies 14 01335 i016]
	C14H31O4P
	m-tetradecylphosphoric acid
	294.36
	33

collector
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Table 4. Results of Zn(II) and Mn(II) flotation using collector 32 in a 10 min process with and without foaming agent 29 at a pH from 2.0 to 11.0; (Zn) = 0.00168 M, (Mn) 0.00091 M, (32) = 5.0 × 10−3 M, (29) = 2.0 × 10−4 M.
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pH

	
Without Foaming Agent 29

	
With Foaming Agent 29




	
WZn(II),%

	
WMn(II),%

	
SZn/Mn

	
WZn(II),%

	
WMn(II),%

	
SZn/Mn






	
2.0

	
80.4

	
75.4

	
1.07

	
40.1

	
53.1

	
0.76




	
4.0

	
82.1

	
55.9

	
1.47

	
99.6

	
19.4

	
5.13




	
5.0

	
92.9

	
43.6

	
2.13

	
77.4

	
16.1

	
4.81




	
7.0

	
99.7

	
73.8

	
1.35

	
91.7

	
8.4

	
10.9




	
9.0

	
50.7

	
68.8

	
0.74

	
96.3

	
3.3

	
29.2




	
10.0

	
37.1

	
54.7

	
0.68

	
77.2

	
60.4

	
1.28




	
11.0

	
60.1

	
53.9

	
1.12

	
86.8

	
54.4

	
1.60
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Table 5. Results of Zn(II) and Mn(II) flotation using collector 33 in a 10 min process with and without foaming agent 29 at pH from 2.0 to 11.0; (Zn) = 0.00168 M, (Mn) 0.00091 M, (33) = 5.0 × 10−3 M, (29) = 2.0 × 10−4 M.
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pH

	
Without Foaming Agent 29

	
With Foaming Agent 29




	
WZn(II),%

	
WMn(II),%

	
SZn/Mn

	
WZn(II),%

	
WMn(II),%

	
SZn/Mn






	
2.0

	
83.3

	
59.9

	
1.39

	
38.3

	
57.8

	
0.66




	
4.0

	
80.4

	
87.5

	
0.92

	
81.7

	
85.2

	
0.96




	
5.0

	
90.4

	
20.2

	
4.48

	
82.4

	
94.5

	
0.87




	
7.0

	
67.1

	
87.5

	
0.77

	
98.6

	
67.6

	
1.46




	
9.0

	
58.5

	
76.6

	
0.76

	
61.1

	
74.2

	
0.82




	
10.0

	
99.1

	
73.2

	
1.35

	
59.5

	
72.7

	
0.82




	
11.0

	
91.6

	
59.4

	
1.54

	
89.5

	
31.0

	
2.89
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Table 6. Influence of pH on the degree of Zn(II) and Mn(II) cations separation with the use of collector 33 after 10 min process from the real solution without foaming agent 29 at pH from 4.0 to 9.0; (Zn) = 0.00168 M, (Mn) 0.00091 M, (33) = 5.0 × 10−3 M.






Table 6. Influence of pH on the degree of Zn(II) and Mn(II) cations separation with the use of collector 33 after 10 min process from the real solution without foaming agent 29 at pH from 4.0 to 9.0; (Zn) = 0.00168 M, (Mn) 0.00091 M, (33) = 5.0 × 10−3 M.





	pH
	WZn(II), %
	WMn(II), %
	SZn/Mn





	4.0
	94.2
	15.0
	6.28



	7.0
	89.0
	10.0
	8.90



	9.0
	97.0
	4.3
	22.56
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