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Abstract. 
Electroplating copper industry was discharged huge amount wastewater and cause serious environmental and health damage in Taiwan. This research applied electrical copper recovery system to recover copper metal. In this work, electrotreatment of a industrial copper wastewater ([Cu] = 30000 mg L−1) was studied with titanium net coated with a thin layer of RuO2/IrO2 (DSA) reactor. The optimal result for simulated copper solution was 99.9% copper recovery efficiency in current density 0.585 A/dm2 and no iron ion. Due to high concentration of iron and chloride ions in real industrial wastewater, the copper recovery efficiency was down to 60%. Although, the copper recovery efficiency was not high as simulated copper solution, high environmental economic value was included in the technology. The possibility of pretreating the wastewater with iron is the necessary step, before the electrical recovery copper system.


1. Introduction
Heavy metals are elements having atomic weights between 63.5 and 200.6 g/mol and a specific gravity greater than 5.0 [1]. With the rapid development of industries such as metal plating facilities, mining operations, fertilizer industries, tanneries, batteries, paper industries, and pesticides, heavy metals wastewaters are directly or indirectly discharged into the environment increasingly, especially in developing countries. Unlike organic contaminants, heavy metals are not biodegradable and tend to accumulate in living organisms, and many heavy metal ions are known to be toxic or carcinogenic. Toxic heavy metals of particular concern in treatment of industrial wastewaters include nickel, mercury, cadmium, lead, and chromium.
Electroplating copper industry discharged huge amount of wastewater into wastewater plant. Copper does essential work in animal metabolism; however, the excessive ingestion of copper brings about serious toxicological concerns, such as vomiting, cramps, convulsions, or even death [2, 3]. Due to the of complexity production processes in electroplating copper manufacturing, only acid washing water, which contains abundant cupric ions, was considered to be reclaimed here. Copper is a really rare and valuable metal. The price of copper is getting higher recently, and the production cost is increasing, and therefore it is really important to consider spent copper plating solution.
In recent years, there is an increasing interest in the development of effective electrochemical methods for the removal of metal ions from wastewaters [4, 5]. The metal ions are effectively recovered from dilute solution using ion exchange technique, but the high cost of resin limits its application [6, 7]; however, the electrolytic process has the advantages of metal recovery without further sequential treatment.
Electrode position has been usually applied for the recovery of metals from wastewater. It is a “clean” technology with no presence of the permanent residues for the separation of heavy metals [8]. Oztekin and Yazicigil (2006) found that electrode position is an applicable method for the recovery of metals under appropriate conditions [9]. They investigated the electrolytic recovery of metals from aqueous solutions containing complexing chelating agents such as EDTA, nitrilotriacetic acid, and citrate in a two-chamber cell separating with a commercial cation-exchange membrane. The results showed that least value of recovery of metal was approximately 40%, and this value increased due to the type of the experiments up to 90% for copper. Chang et al. (2009a) used electro deposition in conjunction with ultrasound to reclaim EDTA-copper wastewater [10]. They found that the technique can effectively remove copper (95.6%) and decompose EDTA (84% COD removal) from wastewater. Issabayeva et al. (2006) [8] presented on the electro deposition of copper and lead ions onto palm shell AC electrodes. Besides, recovery of Cd and Ni by electro deposition was investigated [11].
In this study, the optimal conditions, including effect of iron concentration, effect of electric current, for electrolytic recovery of Cu+2 ions in simulated copper solution. The optimal experiment condition was applied into the real wastewater form electroplating copper industry, and also the copper recovery efficiency is evaluated in this study.




2. Method and Materials
2.1. Materials
The 30000 ppm CuSO4, FeCl3·6H2O, and FeCl2·4H2O solution was purchased from Merck Company. In order to study the influence of the high organic contaminants on the recovery of copper from the raw effluent, experiments have been carried out in the synthetic effluent without any organic contaminants containing 30000 mgL−1 of Cu in H2SO4. The reproducibility was checked by performing all the experiments to a minimum of at least three times.
The real industrial wastewaters were supplied form JM chemical and GW industries. 
2.2. Methods
The experimental setup contains 2 plate electrodes of 18 cm (L) × 17 cm (H) (0.039312 dm2) DSA net as anode and 1 plate electrode of 18 cm (L) × 17 cm (H) (0.0468 dm2), stainless steel as cathode. Experiments were performed with 1.4 L copper water solution into a 2.4 L acrylic electrolytic reactor tank (20 cm (L) × 6 cm (W) × 20 cm (H)) with 432 cm2 effective cathode surface area. The reactor was also operated at a constant current mode. Recycling pump was also used for the mixing of the solution. The reactor was shown in Figure 1.
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Figure 1: The electrical reactor for gold recovery (1) Double electrode cell (2) Recycling pump (3) Power supply. 


The electric power supply was purchased from MaxGood mechanical company (Taiwan) (Figure 2). The effluent volume of 200 mL was taken for all the experiments. Electrolyses were carried out as such in the raw effluent at different current density (0.234, 0.468, 0.585, and 0.702 A/dm2). The copper recovery efficiency effects of no iron, ferrous, and ferric ions were also evaluated in this study.


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	







	


















































	
		




























	
		




























	
		
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	







	
		
			
			
			
			
			
			
			
			
			
			
			
		
	





	
		
			
			
			
			
			
			
			
			
			
			
		
	





	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
		
		
			
		
	

Figure 2: The copper reduction rate with different types of iron.


In this study, the optimal energy consumption is an important issue. It is important to spend less energy and get higher copper recovery efficiency. The specific energy consumption (EC) is calculated.
2.3. Analysis Method
All the reagents used for chemical precipitation were in industrial quality. All the preparations and experiments were done at the room temperature. All the samples were filtered with TOYO 0.45 μm mixed cellulose ester filters before analysis. Concentrations of Cu and Fe were measured with an atomic absorption spectrophotometer (GBC Sens A), after proper pretreatment according to the instrument manufacturer’s recommendations.
3. Result and Discussion
3.1. The Effect of Iron Concentration
The behavior of iron during electro-winning of copper from sulphate electrolytes is well known, and its effect on the performance of the copper electro-winning process has been reported by [12–15] who have examined the interaction of iron [Fe+2, Fe+3] during copper electro-winning from dilute solutions, and Cooke et al. (1990) [16] who have studied the mass transfer kinetics of the ferrous-ferric system in copper sulphate electrolyte. Iron effect is an important parameter in the electrical recovery copper system. It is well known that furious is a strong transition metal catalyst, which is applied in the electrical Fenton system [17]. The ferric ion is a strong reduction catalyst; it is reduced in the electrical chemical reaction. The predominant cathode reactions during copper electrowinning from acid sulphate electrolytes can be represented by
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In this research, the three different electrical copper recovery systems are evaluated. The result of copper recovery efficiency between three systems was shown in Figure 3.






	
		


























	
		




























	
		




























	
		
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	











	
		
			
			
			
			
			
		
		
			
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	

Figure 3: The varied for concentration of Fe+2 in the electrical copper recovery system.


Figure 3 and Table 1 showed that the copper reduction efficiency at 480 min reached 83.6%, 99.56%, and 99.9% for ferric, ferrous, and without iron ions, respectively.
Table 1: The copper reduction rate with different types of iron.
	

	Types of iron	Reduction percent %
	2 h	4 h	8 h
	

	Without iron	54.8	99	99.9
	With ferrous ion	39.5	62.8	99.56
	With ferric ion	28.3	46.6	83.6
	



Reactions (1) and (2) will be mass transfer controlled during copper electrowinning. Hydrogen evolution will only occur if the cathode current density is greater than the limiting value for copper deposition. Fe+3 was conversed to Fe+2, and also copper metal was also oxidized to Cu+2. The mean effect of raising the Fe+3 concentration caused low copper reduction rate. Moreover, the adverse effect was occurred by increasing the concentration of Fe+3 in the electrical recovery copper system. 
  According to previous research, adding applicative concentration of Fe+2 will increase the copper recovery efficiency. In this research, different concentrations were evaluated. The result of ferrous recovery was shown in Figure 4. Figure 4 showed that the copper removal efficiency at 300 min was 86.08%, and 54.42% of 7.5 g/L and 30 g/L ferrous ion, respectively. Reactions (5) and (6) show Fe+2 to be oxidized to Fe+3 in the anode. In the cathode, the Fe+3 was reduced to Fe+2, and copper metal was oxidized to copper ion. The result indicated that the concentration of Fe+2 and Fe+3 affected the copper recovery rate in the electrical recovery copper system.
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(b)
Figure 4: The iron effect in the electrical copper recovery system. 


3.2. Effect of Current Density
Current density is the amount of electrical current flowing in a unit of cross-sectional area of that reactor. Current density is important to the design of electrical and electronic systems. The range of current density was applied from 0.234 to 0.702 Adm−2 to make a thorough discussion. In the simulation, copper concentration is 30000 mg/L. Figure 5 shows the changes at different current density at pH 2.5 ± 0.3. It is noticed that the rate of copper removal increased with the increased current density. Table 2 and Figure 5 indicated that the copper concentrations removal efficiencies were 20.97%, 86.08%, 98.80%, and 99.90% for 0.234, 0.468, 0.585, and 0.702 Adm−2 at 360 min, respectively. Furthermore, for a longer reaction time of 480 min, the copper concentrations could be down to 28.54 and 19.28 mg L−1 for 0.585 and 0.702 Adm−2, respectively. This observation is better than the results reported in the literature [18].
Table 2: The effect of copper recovery efficiency for current density.
	

	Times (min)	Current density (A/dm2)	Copper recover ratio (%) 
	

	360	0.234  	20.97
	0.468	86.08
	0.585	98.80
	0.702 	99.90
	

	480	0.234	24.29
	0.468 	99.65
	0.585 	99.9
	0.702 	99.94
	









	
		




























	
		




























	
		




























	
		




























	
		
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	














	
		
			
			
			
			
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	













Figure 5: The copper recovery efficiency for different current density.


Depending on the solution composition of the effluent, different reactions can occur at the electrodes. In the present study, following reactions (1)–(6) would have taken place within the electrolytic cell. Due to the optimal economical reason, the current density for 0.585 A/dm2 was the best condition.
3.3. The Optimal Experimental Condition
From the bench experiment, the Fe+2 and Fe+3 affected the copper recovery efficiency in the electrical recovery copper system. No iron ion effect was the best condition in this research. In the current density issue, the optimal economical reason, the current density for 0.585 A/dm2 was the best condition.
4. Real Industrial Wastewater
The concnetration of iron and copper ions in the wastewater were analysized by atomic absorption spectrophotometer analysis (AA). The result was shown in Table 3. Table 3 indicated that high concentrations of iron and copper were presented in this real industrial wastewater. Form the manufacture process, the raw materials for the electrical recovery copper system processes are cupric chloride and copper sulfate in the JM chemical and GW industry. Indeed, the optimal experimental conditions were applied into this real wastewater, and this research was evaluated the copper recovery efficiency.
Table 3: The atomic absorption spectrophotometer (AA) analysis for the Good Weld (GW) and JohgMaw (JM) industrial wastewaters.
	

	 	[Cu] (ppm)	[Fe] (ppm)
	

	GW	36000	50000
	JM	36000	100000
	



4.1. The Copper Recovery Efficiency
Figure 6 illustrated the copper recovery efficiency between simulated copper solution and real industrial wastewater. The high copper recovery efficiency occurred, because there is no any iron effect. Table 3 indicated that the wastewater for the iron concentration in the JM chemical was two times higher than Good Weld industry. As reactions (1)–(6), copper metal is oxidized to cupper ion, when the high concentration of Fe+3 was added. The result was consistent with Das and Krishna research [19]. 






	
		




























	
		




























	
		




























	
		
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	





	
		
			
			
		
	





	
		
			
			
			
		
	





	
		
			
			
		
	


	
		
			
			
			
			
			
		
		
			
		
	

Figure 6: The copper recovery efficiency between simulated copper solution and the electroplating copper industry wastewater. 


  The chloride ion was an important factor to affect copper recovery efficiency. The electro-derived chlorine chemistry with a DC current could generate several oxidants (Cl2, HOCl, OCl−) in the presence of cupric chloride. The dissolution reactions of copper in chloride solution can be represented as [3, 5, 20]. 								
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As a result, one mole of chlorine can oxidize two moles of copper to cuprous state by obtaining two electrons. However, when the dissolution rate of chlorine is faster than leaching rate of copper with cupric ions (9), cuprous ions are oxidized with chlorine as follows: 
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Due to the chloride ion effect, the low copper recovery efficiency occurred.
4.2.  The Energy Consumption (EC)
The specific energy consumption (EC) is calculated from the formula
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Table 4 and Figure 7 show the energy consumption for copper deposition between real industrical wastewater and simulated copper solution. The low energy consumption was around 7.03 KWh/kg for simulated copper solution in the two hours operation time. Due to complex chemical compounds for the real industrial wastewater, such as iron, high energy consumption was around 32.39 KWh/kg. The low copper recovery efficiency form real industrial wastewater was gotten in the electrical recovery copper system.
Table 4: Evaluated the energy consumption between real industrial wastewater and simulated copper solution.
	

	EC	
						2 h(KWh/kg)	4 h(KWh/kg)	6 h(KWh/kg)	8 h(KWh/kg)
	

	GW	35.62	40.07	51.57	66.21
	JM 	32.39	58.34	98.59	137.93
	Lab	7.03	8.03	10.02	13.27
	




































	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
			
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
			
		
	


	
		
			
			
			
			
			
			
			
		
	





	
		
			
			
			
		
	





	
		
			
			
		
	





	
		
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	













Figure 7: Evaluated the electrolytic recovery system in the energy consumption for copper recovery between the electroplating copper industry wastewater and simulated copper solution.


5. Conclusion
  The high copper recovery efficiency can operate for simulated copper solution at high current density (0.585 Adm−2) and obtain copper recovery efficiency (>99.9%). The optimum operational time and current density were around two hours and 0.585 Adm−2 from simulated copper solution. In the real industrial wastewater, high concentration of iron reduced the copper recovery efficiency; so the high energy consumption (EC) occurred.
  Although, the copper recovery efficiency was not high as simulated copper solution, high environmental economical value was included in the technology. In the future study, it is also considered that the new type reactor was capable of recovering substantial copper content from industrial wastewater. The possibility of pretreating the wastewater with iron is the necessary step, before the electrical recovery copper system.
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