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Abstract:



We report potentiodynamic studies to characterize copper, nickel and zinc leaching solutions from electronic waste. The metals were leached using oxygen and sulfuric acid (pH = 1.5). As is known, reduction potentials are determined using thermodynamics laws, and metal recovery strategies from electronic waste are usually considered according these thermodynamic values. Pourbaix-type diagrams are not appropriate to plan strategies in electrochemical processing. Therefore, knowledge of electrode potentials for the metal deposit/dissolution process is the basis for the selective recovery planning. For this reason, potentiodynamic studies, specifically cyclic voltammetry, are revealed as a good way to decide the best conditions for the process of electrochemical recovery of metals from electronic waste, which is also cost-efficient and has no interference from strange ions, such as lead, in this case.
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1. Introduction


The implementation of urban mining in recent years has been due to a concern for the environment and the scarcity of natural resources. This term has no specific definition, because if some authors refer to resources that can be obtained only from landfills, others also include the recycling of construction debris, plastics, glass and scrap metal (electronic waste, in many cases nowadays). The term denotes the systematic reuse of anthropogenic materials, from urban areas [1] and this represents a potential source of material resources that would be available for reuse at the end of the product lifetime.



As new generations of electronic gadgets are developed, the capabilities of these tend to change, and their useful lifetimes get shorter. The above began in the 1980s when the development and production of electronic equipment were promoted to increase its consumption among the population. For some materials, a recycling system cannot be spontaneously implemented with high effectiveness, so is an issue that concerns technology, planning, and economic and environmental regulation. For this reason, at present, due to the increase in the stringency of recycling policies, countries such as China, Japan, Taiwan, and South Korea, including the European Union and some states of the US, have established norms for the management and regulation of electronic waste (e-waste) [2,3]. According to this, strategies for the implementation of an appropriated recycling system should be based on three points: (i) technical viability; (ii) economic sustainability of the process; and (iii) a high and real level of social support for the program [4]. An important aspect that has led to the production of “e-waste” is the steady rise of the computing industry, so it is estimated that one billion computers have been disposed [5]. The e-waste is mostly discharged with domestic waste without receiving any special treatment; on the other hand, 80% of the waste collected is sent to several poor countries [6]. These electronic wastes are received in the form of “donations“ by some organizations in rich countries; however, it is simply a way to get rid of electronic equipment considered obsolete, without breaking the Basel Convention, which regulates these kinds of exportations. Seventy percent of “e-waste” is shipped to China [7], but other countries that also receive significant amounts are India, Pakistan, Vietnam, the Philippines, Malaysia, Nigeria and Ghana; finally, on the American continent, the greatest amount discarded is received by Brazil and Mexico. However, it is difficult to quantify the amount of “e-waste” that is being exported due to the semi-clandestine nature of these operations [8,9].



The recovery of materials from electronic scrap involves the disassembly and destruction of the equipment. According to the estimate by Robinson [9], 20 million tons of “e-waste” are generated annually, and this was confirmed according to the data collected by Morf et al. [8]. Thus, it is possible to calculate the annual amount of certain recoverable elements in the electronic scrap (Table 1).



Table 1. Elements present in the environment from the disposal of e-waste [10]







	
Element

	
Typical E-Waste Concentration (mg/kg)

	
Annual Global Emission in E-Waste (Tons)






	
Cadmium (Cd)

	
180

	
3600




	
Chromium (Cr)

	
9900

	
198,000




	
Copper (Cu)

	
41,000

	
820,000




	
Lead (Pb)

	
2900

	
58,000




	
Mercury (Hg)

	
0.68

	
13.6




	
Nickel (Ni)

	
10,300

	
206,000




	
Tin (Sn)

	
2400

	
48,000




	
Zinc (Zn)

	
5100

	
102,000










As is shown in Table 1, we must highlight that 820,000 tons of copper, 206,000 tons of nickel and 102,000 tons of zinc are involved during the generation of the “e-waste”, which contributes to pollution and damages to health; at the same time, this production is becoming an important economic opportunity for metals recovery. Furthermore, gold and silver are also present in the “e-waste”, increasing its importance from an economic point of view.



Gold, silver, copper, nickel and zinc are examples of elements in the “e-waste” [10]. These are basically present in computer components, printed circuits boards (PCBs), cell phones, etc. Specifically, circuit boards from computers have a design consisting of a gold layer deposited on a substrate of a non-noble metal such as nickel, zinc and/or copper, which is also inserted into a polymer base. Obviously, there is a huge potential source of gold in the mentioned metals, which nowadays are partially recovered or disposed in the “e-waste” [2,11]. There are previous studies on the leaching of the “e-waste” that report the dissolution of copper, nickel and zinc, and the subsequent recovery of metallic gold with a purity close to 99% [12,13]. Because of the highly heterogeneous mixture of organic materials with metals and ceramics, the PCBs are particularly hard to recycle [14]. Viewed from the different perspectives of the recycling of PCBs, scientists have developed many and varied methods involving physical and mechanical technology for separation, bio-technology, supercritical fluid technology, microwave treatment and processes of extractive metallurgy (hydro and pyrometallurgy). Despite the existence of these routes, the processing of “mechanical crushing + hydrometallurgy” is the more predominant technology and the most commonly used, because of the advantages reached in the recycling of PCBs [10,15,16].



In an optimal process, PCBs should be processed in an environmentally sustainable way with the purpose of taking advantage of the treatment of the “e-waste” [14,17]. On the other hand, these kinds of residues could, if possible, be naturally leached and some metal contents can migrate to the water and contaminate important aquifers, which increases the degree of contamination not only by e-waste, but also by the more dangerous contamination of metallic ions. Although some works have been developed to detect metals ions, particularly Cu (II), and to remove them properly by using mesoporous materials, calorimetric detection, and adsorbent composites, among others, and with excellent results, it is necessary to initially remove the possible source of contamination of these types of ions [18,19,20,21]. There are certain reviews about progress in the recycling of PCBs made by some researchers [2,17,22,23,24]; however, some of these reviews deal with too many issues and the depth of these studies, related to the summary and discussion of the use of hydrometallurgy technology, tends to be poor. Every year, the amount of discarded computer equipment around the world increases [25], which triggers the exponential growth of the “e-waste”, including PCBs, so it is necessary to accelerate the research to develop an optimal process for the recovery of the PCBs, which can be environmentally friendly, compatible with hydrometallurgical processes and more cost-efficient, and which involves the use of sulfuric acid and oxygen, in comparison with those implicating the use of nitric acid, hydrochloric acid, peroxides and even aqua regia, as they are potential sources of pollution and health risks [26]. An optimum mechanism for the recovery of metal products is to submit them to the process of acid leaching using oxygen and sulfuric acid (pH 1.5) to dissolve the copper, nickel and zinc, with later gold retrieval [11,12,27].



Year after year, the interest in the development of effective electrochemical methods for elimination and recovery of metallic ions from residual waters has increased because studies have demonstrated the possibility of recovering the metals in a pure state [28,29].



The concentrations of metal ions allowed in the effluents have been reduced dramatically since the government laws have been directed to protect the environment, so regulations on their discharge are becoming more stringent [29]. On the other hand, the conventional technique of hydroxide precipitation allows higher concentrations than those established. Accordingly, there is an increasing interest in taking into account the importance of developing ion-exchange techniques as an alternative, instead of the precipitation of hydroxides [30,31].



Previous works about the electrolytic recovery of copper and other metals describe the recovery of a few ppm of metallic ions with low energetic consumption, operating at a relative high electric current density [32]. Cathodic metal deposition is the principle method that leads to the removal of metal ions (Mez+) from waste waters [33,34].


Mez+sol + ze ↔ Me



(1)







From a thermodynamic point of view, the Nernst equation predicts the individual electro-deposition potential of different metals and their displacement increasing the concentrations, as shown in the Pourbaix diagrams. The strategies to pursue the recovery of the leachate are not perfectly defined with these thermodynamic values. In this regard, it is necessary to perform potentiodynamic studies to characterize the composition of the leachates. The aim of this work is therefore the development of cyclic voltammetry studies with synthetic and real solutions to qualitatively characterize the acid leaching solutions. Through these strategic studies, we try to reach electrochemical recovery for non-noble metals.




2. Materials and Methods


The potentiodynamic studies have been carried out using a typical electrochemical cell of three-electrodes: reference, counter and working electrode, as shown in Figure 1. The silver/silver chloride electrode is used as reference, the platinum wire as counter and the Toray paper TGPH—120, (carbonaceous paper from Toray) acquired in Global Proventus, a company located in Monterrey, Mexico, as working electrode, the electrodes configuration was dependent on the way the experiments were performed. The cyclic voltammetry were performed in 5 mM Cu + 1 mM Ni + 1 mM Zn at a pH 1.5 (sulfuric medium) synthetic solution and leaching solution with sulfuric acid (pH 1.5). In the same way, the cyclic voltammetry were performed in 1 mM Ni + 1 mM Zn at a pH 5 for synthetic solutions and leaching solutions with sulfuric acid (pH 5) without copper. The electrode potential was controlled using a PGSTAT30 AUTOLAB system, from the brand Ω Metrohm Autolab B.V., equipment located at the University of Alicante, Spain and used during a research stay at the University Institute of Electrochemistry. All the cyclic voltammetry were carried out at a scan rate 50 mV·s−1 and at room temperature. All the solutions were purged with nitrogen for 20 min before the experiments were conducted.


Figure 1. Scheme of a three-electrode electrochemical cell.
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Furthermore, morphological and compositional analysis of the electrodeposited metal on working electrodes, were carried out using Scanning Electron Microscopy (SEM, Hitachi S—3000 N at 20 kV, acquired in the company Hitachi in Spain, Madrid, Spain) and Energy Dispersive Spectrometry of X-rays (EDS, Bruker XFlash 3001, detector acquired joint with SEM Hitachi S-3000 N in the company Hitachi in Spain, Madrid, Spain). The metals were electrodeposited on paper Toray, fixing the working electrode potential at −1.6 V vs. Ag/AgCl during 600 s for each one of the solutions described before, i.e., chronoamperometry at −1.6 V vs. Ag/AgCl during 600 s.




3. Results


In previous works, the chemical species and the equilibrium potential in the leached solution have been established through thermodynamic studies using Pourbaix-type diagrams [35,36,37]. For the results concerning Cu, the predominant chemical species is CuSO4, found by carrying out the following reaction:


CuSO4 + 2e− ↔ Cu0 + SO42−



(2)







For Ni, the predominant chemical species is NiSO4, found by carrying out the reaction:


NiSO4 + 2e− ↔ Ni0 + SO42−



(3)







In addition, for Zn, the predominant chemical species is [Zn(SO4)2·(H2O)4], found by carrying out the reaction:


[Zn(SO4)2·(H2O)4] + 4e− ↔ Zn0 + 2SO42− + 4H2O



(4)







In the same way, it was possible to observe the influence of the concentration of each metal with respect to the reduction potential. In general, a displacement of the reduction potential for each one was observed. Obviously, thermodynamic studies are fundamental, but the viability of the chemical processes is obtained by kinetic studies. In this case, cyclic voltammetry in both synthetic and leaching solutions was carried out.



Firstly, cyclic voltammetry was carried out in synthetic solutions of 5 mM Cu, 1 mM Ni and 1 mM Zn, at pH 1.5. In Figure 2a, the cyclic voltammetry for the Cu shows a wave at −0.36 V vs. Ag/AgCl where the deposit of copper starts, and a stripping zone at 0.25 V vs. Ag/AgCl where the electrodeposited Cu is dissolved. In Figure 2c, the cyclic voltammetry for Zn shows a little stripping zone at −1.0 V vs. Ag/AgCl. Finally, in Figure 2b, the cyclic voltammetry for Ni does not show a relevant electrochemical process, because the metallic Ni at a pH of 1.5 is not electrodeposited. It is important to notice that all electrodeposited metals are characterized by the existence of stripping zones, and although lead ions were present in the real solutions, they were present in marginal amounts and did not influence the recovery of Cu (II) or Zn (II and Zn (II) in their respective experimental recovery conditions.


Figure 2. Cyclic voltammetries for: (a) 5 mM of Cu; (b) 1 mM of Ni and; (c) 1 mM of Zn, in H2SO4, pH 1.5 solution. Scan rate of 50 mV·s−1.
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After studying the behavior of each metal, we carried out cyclic voltammetry in a solution with all the elements together and at the same pH, as shown in Figure 3a. In this case, only the Cu profile is shown. When all the elements are present in the synthetic solution, only the copper electrodeposition appears because the Ni and Zn metals were not electrodeposited in this medium. Similarly, cyclic voltammetry in the leaching solution has the same behavior, as is illustrated in Figure 3b. Both figures are identical, which affirms that we only obtain metallic copper during the electrochemical recovery of solutions of copper, nickel and zinc at pH 1.5, because Zn and Ni are not electrodeposited under these conditions, without the influence of lead ions. This affirmation is corroborated by SEM and EDS analysis, done on the metal electrodeposited on Toray paper. This electrodeposition was carried out with the fixing of the working electrode potential at −1.6 V vs. Ag/AgCl during 600 s (as shown in Figure 4) on the solution described previously. As is shown, the cyclic voltammetry and the potentiodynamic studies, were a good choice for the qualitative characterization of lixiviate solutions from electronic waste, and the interpretation of the curves obtained is a good way to plan a correct strategy for the electrochemical recovery of the metals involved in these residues.


Figure 3. Cyclic voltammetries in: (a) H2SO4, pH 1.5 synthetic solution; and (b) H2SO4, pH 1.5 leaching solution. Scan rate of 50 mV·s−1.
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Figure 4. SEM micrograph and EDS analysis of electrodeposition at pH 1.5 on Toray paper carried out with a fixed working electrode potential at −1.6 V vs. Ag/AgCl during 600 s in synthetic and leaching solutions.
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Secondly (with the same idea to characterize solutions involved in the electrochemical recovery of non-precious metals), the pH of the synthetic solutions without copper was raised to pH 1.5 as a possible option to recover Ni and Zn. Likewise, the analysis of the solutions at pH 1.5 in Figure 5a, can reach a Zn deposition at −1.4 V vs. Ag/AgCl, and a stripping zone at −1.0 V vs. Ag/AgCl, which was carried out by cyclic voltammetry in Zn and Ni solutions at pH 5, respectively. Ag/AgCl can be seen clearly, while the processes of electrodeposited/stripping for Ni are not observed in Figure 5b.


Figure 5. Cyclic voltammetries in: (a) 1 mM Zn and (b) 1 mM Ni, in H2SO4 solutions. Scan rate 50 mV·s−1.
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When the cyclic voltammetry with the two elements together was carried out, stripping processes were not observed due to the corrosion resistance of the Ni-Zn deposit [38], as shown in Figure 6. In this case, SEM micrographs and EDS analysis of the electrodeposition on Toray paper were carried out with fixing the working electrode potential at −1.6 V vs. Ag/AgCl in Zn and Ni solution during 600 s, as is observed in Figure 7. Indeed, the composition of the electrodeposited solids showed only the presence of Ni and Zn, as is shown by the EDS analysis. Clearly, the use of a potentiometer and a simple electrochemical cell could be enough for a qualitative analysis of these metals involved in the leaching process from electronic waste.


Figure 6. Cyclic voltammetry of 1 mM Ni and 1 mM Zn in H2SO4, pH 5 solution. Scan rate: 50 mV·s−1.



[image: Metals 07 00055 g006]





Figure 7. SEM micrograph and EDS analysis of electrodeposition at pH 5 on Toray paper carried out with a fixed working electrode potential at −1.6 V vs. Ag/AgCl during 600 s.
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4. Conclusions


Generally, thermodynamic studies based on Pourbaix-type diagrams determine the individual electrodeposition potentials of different metals and their displacement, with an increasing concentration in the leaching processes. These values are not appropriate to plan strategies for the electrochemical recovery of metals. In this work, potentiodynamic studies were conducted using cyclic voltammetry studies for synthetic and real leaching solutions from e-waste printed circuit boards. In this sense, the interpretation of the cyclic voltammetry showed the viability of the design of an electrochemical selective recovery of Cu, Zn and Ni for different pHs: the Cu was obtained by electrodeposition at pH 1.5 and the recovery of Ni and Zn was reached when the pH was increased to 5. Furthermore, the previous leaching solution (pH 1.5) can be re-utilized with the adjustment of pH and this, joined with the use of the electrolytic recovery, can make the overall process of leaching and electro-recovery, selective and profitable.
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