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Abstract

:

Through the main chemical reaction of metal ions and S2−, a new type of sulfide precipitant was first prepared and used to realize the selective separation recovery of copper and arsenic from the leaching solution of copper soot. It is proven by experimental results that the prepared sulfide precipitant could realize the efficient separation recovery of copper and arsenic. Indeed, the copper sulfide slag with Cu grade of about 47% and arsenic trisulfide slag with As operation recovery of about 98% could be obtained. The results of chemical reaction energy calculation analysis and SEM images analysis illustrate that the selective separation recovery of copper and arsenic mainly depended on the chemical reactions of sulfide precipitation. The ions of S2− and HS− produced by the prepared sulfide precipitant could react with Cu2+ and arsenic components to form CuS and As2S, respectively, in the copper and arsenic recovery procedure. In addition, the smaller solubility of CuS and the lower rate of S2− engendered by the sulfide precipitant were key to achieving the efficient separation and recovery of copper and arsenic.
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1. Introduction


Copper is widely used in electronic, machinery manufacturing, construction, national defense and marine industries due to its advantages of good conductance, thermal conductivity and ductility [1,2]. In the consumption of nonferrous metal materials in China, it is second only to aluminum [3]. Generally speaking, the technological process steps of mining, flotation, smelting and electrolysis are required to obtain cathode copper with high purity from copper ore [4,5]. However, a large amount of copper soot will be produced in the smelting process [6], which not only has a high reclaim value due to its high copper content but will lead to grievous environmental pollution owing to its high arsenic content [7]. In the context of tremendous demand for copper metal and green ecological development in China [8], it is crucial to recover copper and safely solidify arsenic from copper soot.



Over the past few decades, scholars have carried out lots of research work on the selective separation and recovery of copper and arsenic from copper soot [9,10,11,12,13]. Copper soot was usually leached and converted into a leaching solution containing copper and arsenic [14,15]. The method of acid leaching was widely used due to its high efficiency and low cost [16,17]. In order to separate and recover copper and arsenic from acid leaching solution, the most common methods were chemical precipitation, adsorption, extraction and ion exchange [18,19,20,21]. The sulfide precipitation method in the chemical precipitation method has the advantages of simple operation and low production cost [22]. For example, monoclinic pyrrhotite was used to selectively precipitate sulfide of copper ions from arsenic wastewater; more than 96% copper ions were removed and a copper product of 20.2% Cu and 0.7% As could be obtained [23]. A gas–liquid sulfidation reaction was proposed and applied to the separation of copper and arsenic from acidic wastewater, where CuS was the main phase in the precipitate in which copper content was 63.38% in a mass fraction [24]. The key to the separation and recovery of copper and arsenic by the sulfide precipitation method is to convert copper and arsenic into copper sulfide and arsenic trisulfide, respectively [25]. More importantly, the solubility product of copper sulfide is much smaller than that of arsenic trisulfide in the entire pH range [26]. However, sodium sulfide or sodium hydrosulfide was mostly used as the sulfide precipitant in the sulfide precipitation method [27,28]. Although the separation and recovery of copper and arsenic can be realized, the problems of low separation efficiency, large amounts of H2S gas escaping and large dosages remain [29,30]. Therefore, it is still a significant challenge to selectively separate and recover copper and arsenic from the leaching solution of copper soot without H2S gas pollution when using the sulfide precipitation method [31].



Based on the principle of step sulfide precipitation, a new type of sulfide precipitant which can slowly release S2− and slow down the reaction rate was prepared in this work to replace the traditional sulfide precipitant. The purpose is to reduce the concentration of S2− in acid leaching solution, improve the selective separation efficiency of copper and arsenic and avoid the escape of H2S gas. Firstly, the effects of the dosage of sulfide precipitant, pH value and reaction time on the selective separation and recovery of copper and arsenic were investigated. Secondly, the process and mechanism of selective separation and recovery of copper and arsenic were revealed through the calculation of chemical reaction energy. On the whole, we want to prepare a new type of sulfide precipitant to selectively and efficiently separate and recover copper and arsenic from the leaching solution of copper soot, and present the mechanism of selective separation and recovery of copper and arsenic in this study.




2. Experimental


2.1. Materials and Reagents


The acid leaching solution of copper soot was taken from Western Mining Co., Ltd. (Qinghai Copper Co., Ltd., Xining, China) in Qinghai Province, China, the contents of copper and arsenic in which were about 28 g/L and 15 g/L, respectively, and the original pH value was 1.4. The strong acidity and the high content of copper and arsenic manifested were suitable for the study of selective separation and recovery of copper and arsenic from the leaching solution of copper soot.



FeCl2·4H2O, FeCl3·6H2O, MnSO4·H2O, ZnSO4·7H2O, and Na2S·9H2O required for the preparation of sulfide precipitant were purchased from Shanghai McLean Biochemical Technology Co., Ltd. The pH regulator H2SO4 was produced by Xilong Science Co., Ltd. All reagents needed in the experiment were analytical grade.




2.2. Preparation of Sulfide Precipitant


FeCl2·4H2O, FeCl3·6H2O, MnSO4·H2O and ZnSO4·7H2O were used as metal ions sources of Fe2+, Fe3+, Mn2+ and Zn2+, respectively, and Na2S·9H2O was used as a sulfur source to provide S2− and react with metal ions. First, the molar ratio of FeCl2·4H2O:FeCl3·6H2O:MnSO4·H2O:ZnSO4·7H2O:Na2S·9H2O of 2:2:1:1:6 should be dissolved and mixed, and the concentration of metal ions could be kept between 0.5 and 1 mol/L. Then, the sulfide precipitant could be obtained after sulfide ions reacted with metal ions for 30 min at 50 °C. Figure 1 shows the SEM images of the preparation of sulfide precipitant. According to the principle of chemical reaction, the preparation of sulfide precipitant should be a mixed nano micron metal sulfide of FeS, Fe2S3, MnS and ZnS.




2.3. Separation Recovery of Copper and Arsenic Experiments


In each experiment, 100 mL of copper soot acid leaching solution was taken and the pH value was adjusted using a certain concentration of H2SO4. Next, the leaching solution was transferred to a three-necked flask and mixed with the prepared sulfide precipitant according to the designed molar ratio. Continuous stirring was performed for preferential separation and recovery of copper at 50 °C. The copper sulfide slag and arsenic filtrate were obtained by filtration when the reaction was completed. Then, the arsenic-containing filtrate pH was adjusted with a certain concentration of H2SO4 and should be returned to the three-port flask. The prepared sulfide precipitant was added and mixed with arsenic-containing filtrate according to the designed molar ratio at 50 °C. After the reaction of arsenic separation and recovery ended, the arsenic trisulfide slag and filtrate were obtained by filtration. XRF analysis was performed after the copper sulfide slag and arsenic trisulfide slag were dried; the filtrate was analyzed by ICP. Finally, the recovery of copper and arsenic was calculated by the weight of precipitate slag and analysis results. The schematic diagram of the experimental setup is shown in Figure 2.




2.4. Chemical Reaction Energy Calculation


The software of Gaussian View 6.0 was used to calculate the energy in the process of separation and recovery of copper and arsenic about related chemical reactions. The structural model of the compound or ion should be established first. Afterwards, the structural model was optimized based on the density functional theory. Finally, the energy of a compound or ion could be obtained by calculating the frequency with the optimal structure. In addition, the ∆G of the chemical reaction equation was the difference between the sum of the calculated product energy and the sum of the original substance’s calculated energy.




2.5. SEM Images Analysis


The instrument model of MLA650F field emission scanning electron microscope was used to analyze the prepared sulfide precipitant, copper sulfide slag, and arsenic trisulfide slag. To begin with, the round cell climbing sheet with a diameter of 6 mm should be stuck in the copper plate with conductive adhesive. After that, a few samples to be measured should be mixed with absolute alcohol in a beaker. Further, a small amount of sample should be transferred to the round cell climbing sheet. The sample must be sprayed with gold to enhance the conductivity before SEM image analysis.





3. Results and Discussion


3.1. Copper Recovery from the Leaching Solution of Copper Soot


3.1.1. Effect of Dosage


Figure 3 shows the relationship between the dosage of sulfide precipitant and the effect of copper preferential recovery. As can be seen from the graph, the recovery of Cu and As gradually increased as the dosage of sulfide precipitant improved, but the Cu grade of copper sulfide slag gradually reduced. For the Cu grade and recovery of copper sulfide slag, the recovery increased from 86.75% to 96.42% and the grade kept at about 47% when the molar ratios of sulfide precipitant to copper increased from 1:1 to 1.1:1. However, with further increase in the sulfide precipitant dosage, the recovery of Cu could not be significantly improved, but the grade of Cu descended quickly. As for the As recovery of copper sulfide slag, it increased from 8.78% to 20.64% with improved molar ratios of sulfide precipitant to copper. This was mainly caused by the reaction between the excessive sulfide precipitant and arsenic in the leaching solution. This demonstrates that the effect of copper arsenic separation and recovery was more terrible with the increased sulfide precipitant dosage. In order to better realize the preferential separation and recovery of copper from the leaching solution, the optimum molar ratio of sulfide precipitant to copper should be 1.1:1.




3.1.2. Effect of pH


The relationship between the pH value of the leaching solution and the effect of copper selective recovery is presented in Figure 4. On the whole, the Cu grade and As recovery of copper sulfide slag were significantly affected by pH value. On the one hand, the grade of Cu gradually increased to about 47% and the recovery of Cu maintained more than 94% in the pH range of 1.4 and 0.8. This showed that the prepared sulfide precipitant can realize the separation and recovery of copper at a very low pH value, which had great significance for industrial production and application. However, at pH 0.6, the Cu grade and As recovery reduced rapidly compared with a pH value of 0.8. On the other hand, the pH value had an important influence on the reduction in As recovery in the copper sulfide slag. The recovery rate of As decreased by approximately ten percentage points when the pH was gradually adjusted from 1.4 to 0.8. The copper sulfide slag with a Cu grade of 46.85%, a Cu recovery of 96.11% and an As recovery of 9.24% could be obtained at pH 0.8. Hence, the leaching solution pH value should be adjusted to 0.8 for a better effect of copper selective recovery.




3.1.3. Effect of Reaction Time


As shown in Figure 5, the reaction time had a great influence on the copper sulfide slag of Cu recovery and Cu grade. The recovery and grade of Cu gradually improved to about 97% and 46.5%, respectively, when the reaction time was over 40 min. It is worth noting that the recovery of As rose to 18.56% and then gradually decreased to 9.21% as the reaction time increased. This may be attributed to the replacement reaction between As2S3 and copper ions, as the As2S3 formed in the earlier stage could react with copper ions to form CuS due to the smaller solubility of CuS. Therefore, the recovery of As in the copper sulfide slag gradually reduced with the increased reaction time. Copper sulfide slag with a Cu grade of 46.54%, a Cu recovery of 97.22% and an As recovery of 9.68% could be obtained when the reaction time was 40 min. Consequently, the optimum reaction time should be set to 40 min to achieve the selective recovery of copper from the leaching solution of copper soot.





3.2. Arsenic Recovery from the Leaching Solution of Copper Soot


3.2.1. Effect of Dosage


Figure 6 shows the relationship between the dosage of sulfide precipitant and the effect of arsenic selective recovery. Obviously, the operation recovery of As improved from 60.70% to 98.15% when the molar ratios of sulfide precipitant to arsenic increased from 1:1 to 3:1, and the operation recovery rate of As increased by approximately forty percentage points. This illustrates that the effect of arsenic recovery was tremendously affected by the dosage of sulfide precipitant. In addition, the As grade of arsenic trisulfide slag always kept over 24% when the molar ratios of sulfide precipitant to arsenic increased between 1:1 and 3:1; it was less affected by the dosage of sulfide precipitant. Especially when the molar ratios of sulfide precipitant to arsenic reached 2:1, the arsenic trisulfide slag with an As grade of 29.98% and an As operation recovery of 97.94% could be obtained. The results indicate that the recovery of arsenic from arsenic-containing filtrate could be realized by using this sulfide precipitant, and the optimum molar ratio of sulfide precipitant to copper should be 2:1.




3.2.2. Effect of pH


The relationship between the pH value and the effect of arsenic selective recovery is presented in Figure 7. As seen in Figure 7, the pH value of arsenic-containing filtrate had a significant effect on As grade of arsenic trisulfide slag. The As grade of arsenic trisulfide slag increased from 12.64% to 30.15% when the pH value was adjusted to gradually reduce from 0.9 to 0.3. The operation recovery of As always kept over 91% in the pH range of 0.9 to 0.2. This indicates that arsenic could be effectively recovered in a wide pH range, but the solution pH should be reduced as far as possible to obtain the arsenic trisulfide slag with a higher grade. Especially at pH 0.3, the grade and operation recovery of As were 30.15% and 97.09%, respectively. Hence, the pH value of arsenic-containing filtrate should be adjusted to 0.3 to achieve a better effect of arsenic recovery.




3.2.3. Effect of Reaction Time


Figure 8 presents the relationship between the reaction time and the effect of arsenic selective recovery. The sulfide precipitant could gradually dissolve and ionize S2− and HS− to react with arsenic ions to from As2S3. Therefore, enough chemical reaction time should be guaranteed to improve the effect of arsenic recovery. As presented in Figure 8, the operation recovery of As gradually increased from 79.93% to 98.09% when the reaction time increased from 20 min to 60 min. More attention should be paid to the fact that the difference between the operation recovery and grade of As was very small when the reaction time was 50 and 60 min. Moreover, the operation recovery and grade of As were 97.45% and 29.36% when the reaction time was set to 50 min, respectively. Therefore, the optimum reaction time should reach 50 min to realize the efficient recovery of arsenic from arsenic-containing filtrate.





3.3. Chemical Reaction Energy Calculation Analysis


The preparation process of sulfide precipitant mainly takes place alongside the reaction of sulfide precipitation. Primarily, the reaction process necessitates that the S2−/HS− should react with Fe2+, Fe3+, Mn2+ and Zn2+ to form a large number of metal sulfide particle precipitation of FeS, Fe2S3, MnS and ZnS. Moreover, the selective separation recovery of copper and arsenic process mainly takes place alongside the reaction of the S2−/HS− with Cu2+ and arsenate-ion-containing components to form CuS and As2S3. The sulfide precipitant preparation process of possible chemical reaction equations and the ∆G calculation results are shown in Table 1. The possible chemical reaction equations and the ∆G calculation results in the selective separation recovery of copper and arsenic process are shown in Table 2 and Table 3, respectively.



As shown in Table 1, the sulfide precipitant was mainly composed of metal sulfide generated by the reaction of metal ions with S2− or HS−. Meanwhile, a small amount of H2S gas generated in the process of preparation was dissolved in the solution. On the whole, the binding capacity of S2− and metal ions was greater than that of HS− and metal ions, which proclaimed that metal ions will react with the S2− to form the corresponding metal sulfide preferentially. This is critical to avoid H2S gas escaping into the air during the preparation of sulfide precipitant.



As shown in Table 2, two processes were needed for the selective separation and recovery of copper from the acidic leaching solution of copper soot. First, the metal sulfide of FeS, Fe2S3, MnS and ZnS contained in the sulfide precipitant should react with H+ to produce H2S gas, and subsequently be absorbed into the solution to produce the ions of S2− and HS−. Afterwards, the S2− and HS− could combine with Cu2+ to form a large number of copper sulfide slag. Meanwhile, a part of S2− and HS− could react with H+ to produce H2S gas, but it could not escape into the air due to the dissolution. From the ∆G calculation results of the chemical reaction, the binding capacity of S2− and Cu2+ was greater than that of HS− and Cu2+. This illustrates that achieving the selective separation and recovery of copper mainly depended on the chemical reaction of S2− with Cu2+ [32].



It can be seen from Table 3 that the process of arsenic recovery from the arsenic-containing filtrate was similar to the recovery of the copper process. The selective separation and recovery of arsenic realized mainly relied on the chemical reaction of S2−/HS− with AsO32−, HAsO32−, H2AsO3− and H3AsO3. From the results of chemical reaction energy calculation, small ∆G for generating arsenic trisulfide slag indicated that arsenic is easy to combine with sulfide ion. However, the molar ratios of S2−/HS− to arsenic should be greater than two to better achieve the recovery of arsenic. This is consistent with the experiment results of arsenic recovery dosage.



Therefore, the concentrations of S2− and HS− should always be kept at a low level in the process of selective separation recovery of copper and arsenic due to the stability of the sulfide precipitant. This was key to improving the selective separation efficiency of copper and arsenic, and it could prevent large amounts of H2S gas from being generated in a short time. Therefore, the selective separation recovery of copper and arsenic from the leaching solution of copper soot could be efficiently realized by the prepared sulfide precipitant.




3.4. SEM Images Analysis


The SEM images of copper sulfide slag and arsenic trisulfide slag obtained by the sulfide precipitant are presented in Figure 9 and Figure 10, respectively. As shown in Figure 9, the SEM images of copper sulfide slag were mainly flocculence and pancake. From Figure 10, the SEM images of arsenic trisulfide slag were mainly spherical and flaky. Meanwhile, the spherical particle size of arsenic trisulfide slag was much smaller than that of flaky. Hence, it was obvious that there were big differences in the SEM image characteristics between the prepared sulfide precipitant, copper sulfide slag and arsenic trisulfide slag. The results suggest that the sulfide precipitant had a fierce chemical reaction in the separation recovery of copper and arsenic, and a large number of new sediments was generated [33]. According to the analysis results of XRF and chemical reaction energy calculation, the new sediment generated in the process of separation recovery of copper and arsenic should mainly be CuS and As2S3, respectively.





4. Conclusions


In this study, a new type of sulfide precipitant was prepared to realize the selective separation recovery of copper and arsenic from the leaching solution of copper soot. The experimental results indicate that the obtainable recovery and grade of Cu in the copper sulfide slag were about 97% and 47%, respectively, and the obtainable recovery and grade of As in the arsenic trisulfide slag were about 98% and 30%, respectively. The results of chemical reaction energy calculation analysis and SEM images analysis indicate that the selective separation recovery of copper and arsenic mainly depended on the S2− and HS− produced by the prepared sulfide precipitant. In addition, S2− and HS− could react with Cu2+ and arsenic components to form CuS and As2S3, respectively. The smaller solubility of CuS than As2S3 and the low rate of S2− and HS− produced by the sulfide precipitant were integral to achieving the efficient separation and recovery of copper and arsenic. On the whole, the selective separation recovery of copper and arsenic from the leaching solution of copper soot could be realized by using the prepared sulfide precipitant.
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Figure 1. SEM images of the prepared sulfide precipitant. (a) 10,000×; (b) 200,000×. 
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Figure 2. Schematic diagram of copper precipitation recovery experiment setup: 1—water bath thermostat, 2—the prepared of sulfide precipitant, 3—thermometer, 4—magnetic rotor and 5—three mouth flask. 
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Figure 3. Effect of different molar ratios of sulfide precipitant to copper-on-copper selective recovery. 
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Figure 4. Effect of different pH values on copper selective recovery. 
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Figure 5. Effect of different reaction times on copper selective recovery. 
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Figure 6. Effect of different molar ratios of sulfide precipitant to arsenic-on-arsenic selective recovery. 
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Figure 7. Effect of different pH value on arsenic selective recovery. 
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Figure 8. Effect of different reaction times on arsenic selective recovery. 
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Figure 9. SEM images of copper sulfide slag. (a) 50,000×; (b) 200,000×. 
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Figure 10. SEM images of arsenic trisulfide slag. (a) 5000×; (b) 20,000×. 
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Table 1. The possible chemical reaction equations and the calculation result of ∆G in the sulfide precipitant preparation process.
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	Number
	Chemical Reaction Equations
	∆G (kJ/mol)





	1
	S2− + Fe2+ = FeS
	−2893.28



	2
	2HS− + Fe2+ = FeS + H2S
	−2278.89



	3
	S2− + Mn2+ = MnS
	−2738.16



	4
	2HS− + Mn2+ = MnS + H2S
	−2123.73



	5
	S2− + Zn2+ = ZnS
	−2437.23



	6
	2HS− + Zn2+ = ZnS + H2S
	−1822.85



	7
	6S2− + 4Fe3+ = 2FeS + S + Fe2S3
	−24,988.57



	8
	18HS− + 6Fe3+ = Fe2S3 + 9H2S + 2S + 4FeS
	−31,268.39
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Table 2. The possible chemical reaction equations and calculation result of ∆G in the selective recovery of copper process.
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	Number
	Chemical Reaction Equations
	∆G (kJ/mol)





	1
	FeS + 2H+ = H2S + Fe2+
	−598.22



	2
	MnS + 2H+ = H2S + Mn2+
	−753.38



	3
	ZnS + 2H+ = H2S + Zn2+
	−1054.26



	4
	Fe2S3 + 4H+ = 2H2S + 2Fe2+ + S
	− 173.51



	5
	S2− + Cu2+ = CuS
	−2720.36



	6
	2HS− + Cu2+ = CuS + H2S
	−2105.98



	7
	S2− + 2H+ = H2S
	−3491.49



	8
	HS− + H+ = H2S
	−1438.55
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Table 3. The possible chemical reaction equations and calculation result of ∆G in the selective recovery of arsenic process.
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	Number
	Chemical Reaction Equations
	∆G (kJ/mol)





	1
	FeS + 2H+ = H2S + Fe2+
	−598.22



	2
	MnS + 2H+ = H2S + Mn2+
	−753.38



	3
	ZnS + 2H+ = H2S + Zn2+
	−1054.26



	4
	Fe2S3 + 4H+ = 2H2S + 2Fe2+ + S
	−173.51



	5
	14H+ + 4S2−+ 2AsO32− = As2S3 + 6H2O + H2S
	−25,383.30



	6
	10H+ + 4HS− + 2AsO32− = As2S3 + 6H2O + H2S
	−19,224.48



	7
	12H+ + 4S2−+ 2HAsO32− = As2S3 + 6H2O + H2S
	−20,668.79



	8
	8H+ + 4HS− + 2HAsO32− = As2S3 + 6H2O + H2S
	−14,509.96



	9
	10H+ + 4S2− + 2H2AsO3− = As2S3 + 6H2O + H2S
	−16,792.22



	10
	6H+ + 4HS− + 2H2AsO3− = As2S3 + 6H2O + H2S
	−10,633.40



	11
	8H+ + 4S2− + 2H3AsO3 = As2S3 + 6H2O + H2S
	−13,976.47



	12
	4H+ + 4HS− + 2H3AsO3 = As2S3 + 6H2O + H2S
	−7817.65
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