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Abstract

:

This paper explores the effectiveness of metal recovery and values of gaseous emissions during thermal e-waste processing followed by magnetic separation. The thermal process of conversion of this kind of waste is difficult due to the uncertainty of the operation when compared to the processing of homogeneous materials. This is due to their complex and heterogeneous structure. The adoption of the fluidized bed reactor makes the process feasible, stabilizing it significantly and limiting emissions of harmful gases. Mobile cellphones were used as the raw input material of 450 g total mass. During the thermal transformation, the exhaust gases such as: CO, CO2, NOx, SO2, HCI, HBr, HCN, NH3, phenol, hydrocarbons, HF and COCI2 were analysed. The thermal treatment resulted in 333.6 g of solids in the fluidized bed. They were fragmented into grains smaller than 1 mm and 0.5 mm. The process of magnetic enrichment was used next on grains greater than 1 mm and smaller than 0.5 mm. The process was carried out using a neodymium magnet for particles >1 mm and a plate electromagnetic separator (powered by a three-phase current) together with a 1-disc tape-type separator, which was used for particles <1 mm. Such an approach resulted in the recovery of 81.9% of cobalt, 96.6% of iron and 99.2% of neodymium. The most efficient method of magnetic enriching (MS) proved to be the use of the electromagnetic plate separator.
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1. Introduction


The construction of the first printed circuit assembly by Paul Eisler in 1936, the invention of the first integrated circuit by Jack Kilby in 1958 and the introduction of the integrated circuit layout led to the fast development of digital technology and a rapid production growth and sale of electronic devices [1]. Most of these devices employ highly advanced printed circuit board assembly (PCBA). Because of the continuous economic growth, and emerging new products and technologies, the tendency to lower prices and for a shorter service life results in a considerable and continuous increase in electrical and electronic waste constituting a great challenge for the environment [2,3,4,5,6].



It is estimated that the electrical and electronic equipment in use these days represents the greatest increase in waste volume with an annual growth of 4% [7,8,9]; on a global scale this corresponds to 20 to 50 mil tons of waste [10,11,12,13]. Europe produces around 12 mil tons of electronic waste (WEEE), which equals around 23 kg per person, Europe’s population equals 505.7 mil [7].



A growing demand for metals used in the production of electronics is the reason for the fast depletion of natural resources as the electronic industry is a large consumer of precious metals as well as basic metals such as copper [9].



Therefore, the recycling of electrical and electronic waste, and the recovery of metals, is so important [9,14,15,16]. The waste contains heavy metals and organic compounds that may permanently contaminate the environment [17,18].



Because of the dangerous characteristics of e-waste and the increasing amount, it is necessary to organize its selective collection, neutralization and adequate disposal. Less than 40% of all e-waste in the countries of the European Union are being recycled, while the rest remains unsorted [19]. The Parliament of the European Union, in response to the growing problem of organizing this type of dangerous waste, took some normative steps in order to increase the protection of our health and the environment. The decisive act of the E.U. to regulate the WEEE waste in member states was the directive 2002/96/WE of the European Parliament and council issued on the 27 January 2003, an act which significantly limits the quantity of hazardous substances used in new electrical and electronic equipment. However, the use of hazardous substances such as lead, cadmium and mercury, etc., remains unresolved. The content of the dangerous components in e-waste constitutes a serious problem for waste management; moreover, recycling of the electrical and electronic equipment remains insufficient, leading to the forfeiture of valuable resources and invaluable losses for the economy. The new directive of the European Parliament and Council 2012/19/UE dated 4 July 2012 constitutes a supplement to the basic legislation of the EU in terms of waste management. The directive is addressed to the member states in order to limit WEEE; for them to recycle, implement alternative ways of recovery and to give an impulse to use it again. In March 2020, the European Commission additionally introduced a new action plan concerning a closed circuit economy. The key priority was the acceptance of limiting electrical and electronic waste. Specific goals were outlined such as “the right to repair”, the general prospect of reusing, the introduction of the universal charger and the introduction of the incentives to encourage recycling. In regard to e-waste, the directives generally promote fixing and reuse, prolonging the service life of equipment. In 2021, the European Parliament voted on a new plan of action concerning the closed circuit economy and demanding additional funds to achieve carbon dioxide neutrality, to balance the emissions free of any toxins into the environment and to be in a fully closed circuit before 2050. They insisted on more rigorous regulations concerning recycling and to establish the binding targets in regards to the use and consumption of materials prior to the year 2030 [19,20].



The fastest growing fraction of used electrical and electronic equipment comes from ICT and telecommunications equipment (category 3) such as cellphones, smartphones, tablets and personal computers because of their short service life. This type of equipment is usually replaced on average every 2 to 5 years due to malfunctions, outdated technology or the users desire for greater functionality [21,22,23]. According to EU statistics, in 2013 the total amount of all used ICT and telecommunications equipment represented 575 thousand tons, constituting around 17% of all WEEE collected. In most EU countries about 90% of the category 3 e-waste accumulated came from regular households [7,24]. Due to the wide range and diverse use of electronic equipment, the heterogenous composition of WEEE is difficult to define. All electronics contain a number of metals, and some other compounds, in different concentrations depending on the origin of the device [4,25,26,27,28].



Households in China are similarly equipped with electrical and electronic appliances as households are in Europe, which, in turn, will lead to similar per capita generation rates in WEEE. In Europe, WEEE collection is based on existing municipal structures. Additionally, retail and other take-back channels are in place. In China, the informal sector dominates WEEE collection, being more competitive and flexible. In Europe, manual dismantling as a first treatment step has been gradually replaced by the mechanical break up of appliances, followed by the sorting out of hazardous and valuable components. In China, large, formal dismantling capacities have been set up in recent years. Their dismantling practices follow similar principles as those in European plants; however, further processing is only partly implemented in Chinese recycling facilities. Specifically, metallurgical treatment of printed circuit boards is still non-existent in China [29].



In the case of cellphones, due to their heterogenous composition, plastics dominate with an average content of 49.28%mass ± 5.25%mass. The other significant group of materials in cellphones are PCBA (25.76%mass ± 3.75%mass), the cover case and screws (11.53%mass ± 4.88%mass), screen (9.13%mass ± 2.43%mass) and magnets (2.11%mass ± 0.61%mass) [30].



In addition, smartphones have a significantly greater screen content than mobile phones, and a comparable weight of PCBA and other parts, which are important for metal recycling and emissions of harmful gases [30].



WEEE consists of many elements such as casings or steel structure elements, which can easily be separated mechanically. The devices have complex characteristics as practically all of them contain printed circuit boards mechanically supporting the electrical components and the conductive tracks. Printed circuit boards fastened with electronic or electric elements such as resistors, capacitors or transistors, constitute a set of printed circuit assembly (PCA) or a set of printed board assembly (PCBA). A set of printed circuit boards represents around a total mass of 2% [31]. The content of the PCBA in electrical and electronic equipment varies significantly, e.g., their mass reaches up to 26% mass in cellphones, while coffee machines and hairdryers contain less than 1% mass [32]. The integrated electronic boards are composites made up of tightly connected components guaranteeing reliable operation. The disassembly of the individual components is a labour and energy intensive process (desoldering), which does not lead to the recovery of the elements that could be used again [33].



The PCBA contain precious metals (Au, Ag, Pt, Cu), non-ferrous metals (Sn, Ni, Cr, Zn, Sb, In, Ge), iron, silicon and some toxic ingredients such as Pb, Hg and Be [32]. Metals in PCBs and electronic elements are tightly connected with polymer. To strengthen them mechanically, and to enhance their properties, the polymer must be filled with some mineral material such as fiber glass, quarts or diatomaceous flour. The materials used for the production of printing circuits are epoxy-glass laminates or composite materials with a layer of either paper or glass felt [33,34].



Several researchers analysed the content of the PCBA in cellphones showing a metal content of 40%mass to 60%mass. The rest consisted of fiberglass and resins. Copper amounted to 34.49%mass, presenting the largest quantity. The remaining metals in PCBA are iron (10.57%mass), zinc (5.92%mass), tin (3.39%mass), nickel (2.63%mass), aluminium (0.26%mass) and silver (0.21%mass) [35,36].



The PCBA composition in cellphones makes them very attractive raw materials in the recycling industry. In the case of cell phone recycling, most of the effort concentrates on non-ferrous precious metals.



Because of the methods used in the technological process of recovery, they can be divided into pyrometallurgical (thermal), hydrometallurgical (chemical) or biohydrometallurgical (biological) [37]. All of the methods mentioned have their advantages and limitations that require further and more intense studies. The biohydrometallurgical methods have their flaws due to the microorganism’s interference in the technological processes. This drawback makes it difficult to apply them to the laboratory setting on an industrial scale [37,38]. Nevertheless, this very promising method in solving e-waste at the beginning of the 21st century takes on great importance.



Usually, the technological process of WEEE utilization consist of two or more stages and includes thermal processing as one of the stages. The thermal process can be carried out in various ways, such as combustion under oxidative conditions, gasification or pyrolysis. Pyrolysis has been tested as a thermal process after prior mechanical treatment [39]. On the other hand, combustion seems to be the most advantageous method for recovering valuable metallic raw materials contained in WEEE due to the simple and complete combustion of the organic parts of the PCA [40].



It is obvious that, on its own, the chosen kind of technology in the recovery of e-waste on an industrial scale will not be decisive because of the environmental impact of the technology selected and the economics which must be taken under consideration.



Currently, much attention is being paid to the processes of controlled waste incineration, which are the source of the emission of VOC, CO, NOx and hydrocarbons, as well as dioxins and furans.



Gas cleaning methods are commonly used such as scrubbers (removal of water-soluble acid components), post-combustion chambers (reduction of CO and VOC emissions), DeNOx installations (NOx emission reduction) or bag filters (PM, metals, dioxins emissions reduction). On the other hand, the purification of gases from furans and dioxins is based on the catalytic processes of oxidation of organic compounds and on catalytic dechlorination of organic compounds. Many installations use catalysts whose active ingredient is platinum. These catalysts are active at relatively low temperatures (300–600 °C). However, due to the high price of noble metals, cheaper, though less active, catalysts are also used, containing oxides of various metals, i.e., copper, nickel, chromium, vanadium and zinc [41]. Moreover, the formation of dioxins takes place at temperatures above 450 °C and drops significantly at temperatures above 850 °C; therefore, the temperature of the combustion process plays an important role [42].



This paper presents research on the thermal treatment of waste mobile phones in an oxidative environment in a fluidized bed reactor. The obtained solid products were subjected to magnetic separation processes in order to determine the separation and levels of recovery of metals after the thermal treatment.




2. Materials and Methods


2.1. The Thermal Treatment Process


The thermal treatment process of mobile phone waste was conducted in a laboratory reactor (10 kW) with a chemically inert, bubbling fluidized bed (Figure 1). The fluidized bed is characterized by a homogeneous high temperature and a considerable turbulence of the solid phase and gas phase, providing constant contact of the oxidizer with the surface of the introduced samples. This contact is necessary for the proper thermal treatment of the combustible components contained within the samples. The laboratory fluidized bed reactor has a peripheral surface, which is a transparent quartz cylindrical tube with dimensions of 100 mm (outer diameter), 500 mm (height) and 2–3 mm (wall thickness). The quartz tube is located on a perforated plate made of chrome-nickel steel with a thickness of 1 mm and evenly spaced holes with diameters of 0.6 mm, the area of which constitutes 1.8% of the total surface of the distributor. The air and propane–butane gas are fed to the reactor through a distributor plate. This laboratory fluidized bed reactor was used previously on numerous studies on environmental aspects of waste combustion [40,43,44,45,46,47,48,49].



An additional element of the stand was a basket constructed from a heat-resistant mesh, periodically immersed in the fluidized bed, which was necessary to put the test samples in the bed and remove the non-combustible residue (Figure 1).



During the research, the assessment of the thermal treatment process was performed by measuring the composition of the exhaust gases and measuring the temperature inside the fluidized bed. The fluidized bed temperature was determined by two thermocouples, located at 20 mm and 50 mm above the distributor sieve. Measurements of the exhaust gas composition were performed using an analytical system that was divided into two blocks. In the first block, the exhaust gases were delivered through a heated probe directly from the under-bed area. This block consisted of the following analysers: ECOM SG Plus manufactured by ECOM GmbH (O2, CO, NO, NO2, SO2); PG250 manufactured by Horiba Instruments, Inc. (NOx, O2, CO, CO2, SO2). In the second analytical block, the exhaust gases were additionally delivered using the second heated probe, which was placed before the cyclone. In this block, measurements of substance concentration in the exhaust gases were carried out using the Vario Plus analyzer manufactured by MRU GmbH (Neckarsulm, Germany) (O2, CO, CO2, NO, NO2, SO2, CH4) and the DX4000 analyzer manufactured by Gasmet Inc.(Vantaa, Finland); this is an FT-IR analyzer with a heated gas cuvette, allowing the measurement of concentrations of a wide range of inorganic and organic compounds.



As the raw material, ten used mobile phones were utilised. Initially, the phones were mechanically disassembled, the batteries were separated and the resulting material was divided into smaller parts with a guillotine. The raw materials of three selected used mobile phones from Kit no. II, Kit no. I and Kit no. III, before and after mechanical dismantling, are presented in Table 1, and the samples used during testing are shown in Table 2 and Table 3.



The process of thermal treatment was carried out for a total mass of 450 g of used mobile phones which differed in composition and morphology, i.e., with regard to case, loudspeaker, display, keyboard and printed circuit board assembly. The characteristics of the thermal treatment are presented for the twenty tested samples that were comprised of the fragments of the three mobile phones. The mass of these samples ranged from 0.96 g to 6.00 g; the total mass was 66.76 g (Table 1, Table 2 and Table 3). The thermal treatment process was conducted in a sand bed with a mass of 413.6 g and a grain size of 0.300–0.385 mm. The bed was fluidized by air at a flow rate of 1.66 dm3 s−1 (20 °C, 1013 kPa), to which 0.030 dm3 s−1 (20 °C, 1013 kPa) LPG was added as fuel, allowing the maintenance of a constant processing temperature and conditions of treatment, as well as a constant value of air excess ratio of approx. 1.4.



The preliminary run, preceding the actual process of thermal treatment of MPhW samples, consisted of heating the fluidized bed reactor and the stabilization of its parameters. Thus, the following initial conditions were established: temperature of the fluidized bed at a height of 50 mm from the distributor (840–860 °C), concentration of oxygen (6.5%), CO2—10%vol and NOx—20 ppm. At start up, absence of the following compounds was noted in the exhaust gas: CO, VOCs, SO2, NH3, HCN, CH4, C2H6, C2H4, C2H2, C6H6, C10H8, as well as HCl, HBr and phenol. At this stage, combustion of propane–butane premixed with air prior to the introduction into the reactor was carried out.



Subsequently, waste samples were introduced to the fluidized bed at temperatures in the range 800–850 °C. Each sample was introduced into the reactor in a heat-resistant basket for three minutes (this was proven to be sufficient to decompose the organic content of the samples), the solid residue was then pulled out. Each time, the introduction of the sample resulted in temporary changes in the concentrations of individual components of the exhaust gas. After the burning of the combustible components contained in the individual sample, exhaust gas compositions returned to values almost identical to the initial values.




2.2. Magnetic Enrichment


After thermal treatment in the fluidized bed, solid products were subjected to the crumbling and grinding process, two fractions were obtained after sieving through a sieve, one with grain sizes of less than 1 mm, the other with grain sizes of more than 1 mm. Both materials were used in the separation process, the sample over 1 mm was separated using a neodymium magnet. The sample below 1 mm was subjected to two-stage separation. Initially, three-phase plate electromagnetic separators were used and the belt type 1-disc separator was then applied. After the separation processes of material with grain sizes below 1 mm, two magnetic and one non-magnetic fractions were obtained. The non-magnetic fraction below 1 mm was ground to below 0.5 mm and was again used in the separation process on the belt separator.



The first device used for the magnetic enrichment was a three-phase plate electromagnetic separator with three oscillating magnetic fields generated on the near-vertical positioned plate by three electric AC phases. This device was built using a flat plate made of transformer metal plates. In the trenches of the plate there were windings connected to the three-phase power supply producing three independent magnetic fields (similar to the stator of a three-phase engine). A magnetic field that changes in time and space has a waving character and moves horizontally along the plate at a definite speed while the material moves vertically from the top to the bottom of the plate due to gravity. Non-magnetic fractions only move vertically, but magnetic fractions move both vertically and horizontally. The advantage of this separator is the opportunity it presents for producing pure magnetic phases due to the character of the changing magnetic field. The tests were performed with an electric current of the windings of 80A.



The second device used was a belt type 1-disc separator to which the raw material is loaded through a hopper on a conveyor belt, which transports the material into the slit under a rotating disc. The magnetic particles are caught by the rotating disc and are thrown outside the operation range of the magnetic field.



The non-magnetic ingredient is directed below the surface of the plate, and it is thrown out of the moving conveyor belt and transferred to the container for non-magnetic products. The waste separation was performed with a 2A electric current flowing through the windings with a working gap of 2 mm. The scheme of magnetic enrichment of solid products after the thermal treatment of MPhW is presented in Figure 2.





3. Results and Discussion


The thermal treatment process in a fluidised bed reactor resulted in dynamic changes in the bed temperature as well as in the concentrations of O2, CO, VOCs, CO2, aliphatic and aromatic hydrocarbons (CH4, C2H6, C2H4, C2H2, C6H6, C10H8), HBr, HCl, SO2, NOx, HCN, NH3, C6H6O, COCl2 and HF in the exhaust gas, as shown in the ten charts shown in Figure 3 and Figure 4.



Depending on the weight, chemical composition and combustible content of the sample, various oxygen consumption values were observed at the beginning of the thermal decomposition of the sample (the minimum level of between 2.7% and 5.9%), and various values of the temporary increase in concentration of particular gases in the exhaust: CO to 3000–38,000 ppm; VOCs to 1200–7800 ppm; NOx to 25–240 ppm; SO2 to 30–200 ppm.



The largest decreases in O2 content were observed during the thermal treatment of each mobile phone case. For example, after the sample of the Kit no. I case (sample 6) was introduced into the fluidised bed, a temporary decrease in O2 to 2.7% followed, the largest temporary increase in VOCs was to 2100 ppm and for CO, the increase was to 11,000 ppm; there was also a significant increase in NOx (50 ppm) and SO2 (120 ppm).



When comparing the thermal treatment of the keypads from two mobile phones (samples 3 and 11), lower emissions of VOCs can be seen for the Kit no. II case (2100 ppm) than the Kit no. I case (2700 ppm)—this is certainly due to differences in the composition. The contents of the remaining gases in the exhaust are similar, but for the Kit no. II mobile phone they were slightly smaller and amounted to 3700 ppm for CO, 25 ppm for NOx and 20 ppm for SO2.



During the thermal treatment of three displays (samples 5, 13 and 16), similar values of exhaust gases concentration were observed, only in the case of the Kit no. I mobile phone (sample 5) could a higher concentration of VOCs be observed (2400 ppm), whereas the other samples (13 and 16) generated VOCs of up to 7800 ppm. Concentrations of other gases were at a similar level: O2, 5%; NOx, 25–30 ppm; SO2, 15–35 ppm.



Sample 7, which was a fragment of a loudspeaker, produced unusual results. Introducing it into the fluidised bed resulted in a slight temporary decrease in the O2 content in the exhaust gases to 4.5% and a temporary increase in VOCs to 2200 ppm and NOx to 120 ppm. However, no changes in temporary concentrations were observed for the remaining gases.



In the case of the mobile phone PCBAs, a relatively small, temporary decrease in O2 concentration was observed—this dropped to a minimum level of between 5.0% and 5.8%. Only for the plastic part (sample 2), was a decrease in O2 concentration to 4.0% observed. The maximum concentrations of the other gases generated during the thermal treatment of the PCBA from the mobile phones amounted to: VOCs—1500 ppm (samples 1, 2, 12, 19) and 4800 ppm (samples 10, 14); CO—3800 ppm (sample 1) and 10,000 ppm (samples 19, 20); NOx—50–100 ppm; SO2—20–90 ppm.



With regard to hydrocarbon emissions, as a result of the PCBA thermal treatment, temporary concentrations amounted to: 600–1650 ppm for methane; 100–400 ppm for ethane; 100–500 ppm for acetylene; 200–700 ppm for ethylene; 50–100 ppm for naphthalene (with the exception of sample 17 that amounted to 700 ppm); 200–500 ppm for benzene. In the case of displays and keypads, a smaller temporary increase in concentrations was obtained than with the PCBA samples—this amounted to: 550–800 ppm for methane; 60–130 ppm for ethane; 60–230 ppm for acetylene; 60–230 ppm for ethylene; 5–50 ppm for naphthalene (with the exception of sample 5, the Kit no. I display, which amounted to 500 ppm); 60–500 ppm for benzene. It was the thermal treatment of mobile phone cases that tended to produce the highest temporary increases in concentrates; these amounted to: 1000–1500 ppm for methane; 360–640 ppm for ethane; 400–650 ppm for acetylene; 550–750 ppm for ethylene; 240–280 ppm for naphthalene; 860–1200 ppm for benzene.



During the experiments on all samples, of all the analysed hydrocarbons, the largest emissions were observed for methane, and the maximum temporary increase in concentration, in the case of most samples, was in the range of 900–1850 ppm. The emission of the remaining hydrocarbons was primarily dependent on the chemical composition of the sample. No hydrocarbons with chains containing more than three carbon atoms were found in the exhaust gases.



Such compounds as ammonia, hydrogen cyanide, hydrogen chloride and hydrogen bromide were also analysed. It was observed that for most of the samples, HBr was not found in the exhaust gases (samples 1–5, 7–18) and no increases in HCl in the concentrations of 12 samples were observed (samples 1–7, 9, 11, 13, 16, 18).



From analysing the thermal treatment of mobile phone samples, it transpires that hydrogen bromide didn’t occur in the exhaust gases in the case of the Kit no. II mobile phone; however, slight temporary increases in the concentrations of HBr for the two samples of PCBAs coming from the Kit no. III mobile phone (samples 19 and 20) and for the Kit no. I mobile phone case (sample 6) were observed—these amounted to 50–125 ppm and 70 ppm, respectively. Increases in the temporary concentrations of HCl were only observed in the exhaust gases in the case of PCBAs from the Kit no. II (samples 8, 10, 12, 14) and Kit no. III mobile phones (samples 15, 17, 19, 20): these were in the range of 80–200 ppm.



From analysing the emissions of hydrogen cyanide results, it transpires that for all samples, except for the loudspeaker fragment (sample 7), a temporary increase in concentration in the range of 50–550 ppm was obtained. However, most samples subjected to thermal treatment showed an increase in HCN concentration not exceeding 250 ppm. Only seven samples demonstrated an increase in the ammonia concentration in the exhaust gases—these were in the range from 20 ppm to 70 ppm.



The results for phenol emissions show that its largest temporary concentration increased to between 500 and 750 ppm (samples 6 and 9, Kit no. I and Kit no. II mobile phone cases). For most samples, its concentration did not exceed 150 ppm.



The last graph shows changes in concentrations for phosgene and hydrogen fluoride. These results indicate the absence of HF in the exhaust gases, and the analytical signal obtained did not exceed the noise level. In the case of phosgene, slight increases in concentration to 15 ppm were obtained for samples 6, 9 and 11 (Kit no. I case and Kit no. II case and keypad), whereas for most samples, the obtained analytical signal did not exceed the noise level.



Based on the analysis results, the average values of exhaust gas concentrations and the emission coefficients of the following substances were calculated: CO; VOCs; aliphatic and aromatic hydrocarbons (CH4, C2H6, C2H4, C2H2, C6H6, C10H8); HBr; HCl; SO2; NOx; HCN; NH3; C6H6O. These figures are presented in Table 4, Table 5, Table 6 and Table 7.



The highest average emission coefficient, which determines the mass ratio of the pollutant to the mass of the waste introduced to the reactor, were obtained for carbon monoxide (136 mg g−1) and the total amount of volatile organic compounds (7.69 mg g−1).



Among the remaining carbon-containing components, i.e., aliphatic and aromatic hydrocarbons and phenol, the highest values of emission coefficient were obtained for benzene (2.76 mg g−1), naphthalene (1.22 mg g−1) and methane (1.09 mg g−1). For other hydrocarbons, the emission coefficients were less than 1 mg g−1, e.g., ethylene—0.85 mg g−1, phenol—0.91 mg g−1, ethane—0.47 mg g−1, acetylene—0.39 mg g−1.



The second group of components for which the quantitative coefficients were analysed was comprised of sulphur- and nitrogen-containing compounds, namely sulphur oxides, nitrogen oxides, hydrogen cyanide and ammonia, and compounds containing structural elements such as bromine and chlorine, namely hydrogen bromide and hydrogen chloride. It transpires that the highest average coefficient was obtained for SO2 and NOx, respectively, 1.00 mg g−1 and 0.99 mg g−1; whereas, for HCN and NH3, the average was much lower, respectively, 0.41 mg g−1 and 0.01 mg g−1. For HBr and HCl, similar average coefficients were observed with values of 0.10 mg g−1 and 0.26 mg g−1, respectively.



As a result of the thermal treatment process of MPhW in the fluidised bed, solid products with a total weight of 333.6 g were obtained, indicating a reduction in weight of 25.86%. The raw samples and solid products after thermal treatment and their individual reductions in weight are presented in Table 2 and Table 3. The obtained weight losses for 20 samples of waste mobile phones were very different, these ranged from 6.76% (sample 19), through to approx. 20–40% (samples 1, 2, 4, 5, 8, 10, 12, 14, 16, 17, 20) and up to 100% for samples 6, 9 and 18. The multi-stage process of the magnetic enrichment of the solid products, which was then performed, enabled obtaining the individual fractions of different masses, which are presented in Table 8.



From the material with a grain size of less than 1 mm, three magnetic fractions with a combined mass of 44.9 g, and a non-magnetic fraction with a mass of 207.7 g, were obtained after the separation process using a three-phase plate electromagnetic separator and a belt type 1-disc separator.



After a few repetitions of the grinding process a sample with a grain size of over 1 mm was also obtained, this had a mass of 70.4 g. After conducting the separation process through the use of a neodymium magnet for materials with a grain size greater than 1 mm, the magnetic fraction of 27.2 g and non-magnetic fraction of 43 g were obtained.



To determine the elementary composition of fractions, the selected chemical elements were analysed using the ICP-MS method (Table 9).



Based on the results, the enrichment balances for individual chemical elements, namely: copper, iron, neodymium, cobalt, molybdenum (Table 10) and aluminium, zinc, tin, gold and silver (Table 11) were calculated.



In order to determine the effectiveness of each of the separation processes, the following values were calculated: the yield of the fraction (γ); the metal content in the fraction (λ); the metal content in the feed (α); the enrichment factor (K); the yield of the metal (ε).



The yield of the fraction (γ) is the quotient of the particular fraction mass to the feed mass, expressed as a percentage. The metal content in the fraction (λ) is the ratio of the chemical element mass in the fraction to the total fraction mass, expressed as a percentage. The metal content in the feed (α) is the quotient of the chemical element mass in the feed to the total mass feed, expressed as a percentage.



The analysis showed that the largest content of ferromagnetic and paramagnetic elements, with the exception of neodymium, was in the material with a grain size more than 1 mm. In the magnetic fraction (I) obtained after the enrichment process using a neodymium magnet, the yield was 85.7% for iron, 70.8% for cobalt and 21.0% for molybdenum. However, in the non-magnetic fraction (II), the yield was 72.6% for zinc, 62.5% for molybdenum, 40.7% for copper and 39.0% for tin.



The separation of material with a grain size of less than 1 mm on the plate separator showed the highest yields in the magnetic fraction (III) for neodymium at 66.6%, for cobalt at 8.27% and for iron at 5.23%.



At the next stage of magnetic enrichment performed using the disc separator, a magnetic fraction (IV) was obtained, where the yield for neodymium was 31.3%, 5.2% for iron and 2.3% for cobalt. Furthermore, with further grinding to a grain size of less than 0.5 mm and the enrichment process using the disc separator, the expected results were not obtained.



The total yield of a 4-stage magnetic enrichment process for magnetic fractions, both for grain sizes of less than 1 mm and for grain sizes of more than 1 mm, was 82.0% for Co, 96.6% for Fe and 99.2% for Nd. The total obtained yields for non-magnetic fractions were 72.1% for Al, 74.1% for Mo, 81.4% for Ag, 85.2% for Zn, 86.9% for Au, 88.2% for Cu and 90.8% for Sn.



In addition, powder X-ray diffraction (XRD) analysis was conducted to determine the composition of crystalline phases, the results of which are presented in Table 12.



Powder X-ray diffraction (XRD) analysis showed the total separation of the neodymium as an alloy Fe14Nd2B, the content of which in the magnetic fraction after the plate separation amounted to 31.4%, and for Fe, the content was 57.3% (magnetic fraction I), Fe3O4 25.7% (magnetic fraction III) and CuFe 3% (magnetic fraction IV).



In addition, the received crystalline phases indicated the presence of cassiterite SnO2 in each fraction with a grain size of 1 mm, of which the content was in the range of 2.2% (magnetic fractions after disc separator, IV) to 5.7% (magnetic fraction after plate separator, III). Furthermore, in each fraction (<1 mm), apart from the magnetic fraction after the plate separator, the presence of quartz SiO2 in the range of 59.8% to 62.3% was detected.



The copper that was identified in the obtained fractions in the metallic form Cu (5.6% in fraction IV), Cu (46.5%, f. II), Cu with a mixture of Zn (23.9%, f. II), Cu with a mixture of Pb, Sn, Zn (11.3%, f. II), and also as oxides: cuprite Cu2O (from 8.9% f. IV to 29.4% f. VI), tenorite CuO (from 2.1% f. VI to 4.8% f. IV), Tl0.01Cu3.99 in the range of 5.1% (f. VI) to 6.7% (f. V) and CuGaTe2 (1.4%, f. V).




4. Conclusions


The thermal treatment of-MPhW in the fluidal reactor was carried out periodically, and through the burning of propane–butane gas in the air, it was possible to execute the process in autothermal conditions. It caused the loss of 25.9% of the input e-waste mass and the remaining incombustible residue formed a brittle material, which was subsequently subjected to the process of crushing, grinding and, finally, magnetic enrichment.



The magnetic enrichment of the grain size larger than 1 mm (using the neodymium magnet) and grain size smaller than 1 mm (using the three-phase plate electromagnetic separator and 1-disc tape-type separator) allowed for the recovery of 81.9% of cobalt, 96.6% of iron and 99.2% of neodymium from the magnetic fractions.



It can be concluded that, in order to effectively magnetically enrich these types of materials, grains of a size up to 1 mm are satisfactory and any additional grinding to obtain grains the size below 0.5 mm is not necessary. The best results in the process of magnetic enrichment of the chemical elements, especially of neodymium (precious rare earth), were achieved using the three-phase plate electromagnetic separator. The neodymium was separated in the form of an alloy, Fe14Nd2B (31.4%): it is one of the best materials in the production of permanent magnets.



The non-magnetic fraction obtained by means of magnetic enrichment contained 90.8% of tin, 86.9% of gold, 88.2% of copper and 81.4% of silver.



The magnetic separation using the neodymium magnet, the three-phase plate electromagnetic separator and 1-disc tape-type separator allowed for the separation of the ferromagnetic elements (Co, Fe, Nd) from the non-magnetic elements (Cu, Sn, Au, Ag) with high efficiency.



During the MPhW thermal treatment in oxidation conditions, different quantities of exhaust gasses were created depending on the chemical composition and the content of the combustible components in the MPhW (casing, screen, keyboard, PCBA).



The greatest temporary increase in CO and VOC could be observed during the treatment of the phone casings due to the plastics and the electronic elements.



Moreover, the temporary high CO and LZO concentrations during the thermal treatment of the casings was due to the fact that they, almost exclusively, are made from flammable materials.



The lowest gas emissions during the thermal treatment were generated by the keyboard and the phone screen.



In many instances, a high emission coefficient for CO was noted, reaching 351 mg g−1, and for the volatile organic compounds the coefficient of 23.7 mg g−1 was reached. The main reason was the small scale and the small size of the research installation, implying the lack of technological capabilities in achieving the minimal contact time in the bed. Increasing the size of the reactor and adequate combustion in the thermal or catalytic chamber would significantly reduce the CO and LZO emission concentrations. It has been observed that, from among organic compounds, the emission of benzene reached 9.64 mg g−1, phenol 4.39 mg g−1 and naphthalene 4.60 mg g−1, which may be related to the chemical characteristics of the individual samples. In the case of other organic compounds, the emission levels were much lower: 3.03 mg g−1 for ethylene, 2.39 mg g−1 for methane, up to 1.52 mg g−1 for acetylene and up to 1.49 mg g−1 for ethane. The obtained emission results of the particular organic compound indicate inadequate combustion, acknowledging the need for a secondary burning in a suitable chamber if such a process has to be performed on a large industrial scale. The highest average emission coefficient among avid components were observed: (0.99 g−1) for NOx and (1.00 mg g−1) for SO2, and 0.10 mg g−1 and 0.26 mg g−1 for HBr and HCI, respectively.



The combination of the thermal process using the fluidal reactor together with the magnetic enrichment fully confirms the correctness of the adopted method. The metal recovery results obtained and the pollution emission factors represent valuable data that may be useful in designing the WEEE thermal treatment installations.
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Abbreviations




	
MPhW

	
mobile phone waste




	
PCA

	
printed circuit assembly




	
PCBA

	
printed circuit board assembly




	
VOC

	
volatile organic compound




	
WEEE

	
waste electrical and electronic equipment




	
0

	
raw material after MPhW thermal treatment




	
I

	
magnetic fraction (>1 mm) after magnetic separation by neodymium magnet




	
II

	
non-magnetic fraction (>1 mm) after magnetic separation by neodymium magnet




	
III

	
magnetic fraction (<1 mm) after enrichment by three-phase plate electromagnetic separator




	
IV

	
magnetic fraction (<1 mm) after enrichment by belt type 1-disc electromagnetic separator




	
V

	
magnetic fraction (<0.5 mm) after enrichment by belt type 1-disc electromagnetic separator




	
VI

	
non-magnetic fraction (<0.5 mm) after enrichment by belt type 1-disc electromagnetic separator




	
Greek symbols




	
γ

	
yield of the fraction; kgi/kg0, i {I,II,III,IV,V,VI}




	
∑γ

	
the accumulated yield of the fractions; kg/kg0




	
λ

	
the metal content in the fraction; kgMe,i/kgi




	
α

	
the metal content in the feed; kgMe,0/kg0




	
β

	
the metal content in the combined fractions; kgMe/kg




	
K

	
enrichment factor




	
ε

	
yield of the metal; kgMe,i/kg0




	
∑ ε

	
the accumulated yield of the metal; kgMe/kg0
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Figure 1. Diagram of a laboratory fluidised bed reactor. 
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Figure 2. The scheme of the magnetic enrichment process of solid products after the combustion of used mobile phones. 
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Figure 3. Changes in the concentrations of aliphatic and aromatic hydrocarbons and O2, CO, CO2, VOCs in the exhaust gases generated during thermal treatment of mobile phone waste in a fluidised bed. 
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Figure 4. Changes in the concentrations of NOx, SO2, HCN, NH3, HBr, HCl, HF, C6H6O and COCl2 in the exhaust gases generated during thermal treatment of mobile phone waste in a fluidised bed. 
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Table 1. Selected mobile phone waste before and after mechanical dismantling.
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Mobile Phone before Mechanical Dismantling

	
Mobile Phone after Mechanical Dismantling






	
 [image: Energies 14 05639 i001]

	
 [image: Energies 14 05639 i002]




	
kit no. I




	
 [image: Energies 14 05639 i003]

	
 [image: Energies 14 05639 i004]




	
kit no. II




	
 [image: Energies 14 05639 i005]

	
 [image: Energies 14 05639 i006]




	
kit no. III
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Table 2. Samples of the mobile phone waste 1 to 11 before and after thermal treatment in the fluidised bed and their weight losses.
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	No.
	Sample before

Thermal Treatment
	m0

(g)
	Sample after

Thermal Treatment
	m1

(g)
	Weight Loss

(%)





	1
	 [image: Energies 14 05639 i007]
	2.68
	 [image: Energies 14 05639 i008]
	1.86
	30.60



	2
	 [image: Energies 14 05639 i009]
	4.24
	 [image: Energies 14 05639 i010]
	2.82
	33.50



	3
	 [image: Energies 14 05639 i011]
	0.96
	 [image: Energies 14 05639 i012]
	0.30
	68.75



	4
	 [image: Energies 14 05639 i013]
	4.95
	 [image: Energies 14 05639 i014]
	3.24
	34.54



	5
	 [image: Energies 14 05639 i015]
	3.15
	 [image: Energies 14 05639 i016]
	2.39
	24.13



	6
	 [image: Energies 14 05639 i017]
	3.06
	-
	0.00
	100



	7
	 [image: Energies 14 05639 i018]
	2.18
	 [image: Energies 14 05639 i019]
	1.95
	10.55



	8
	 [image: Energies 14 05639 i020]
	3.46
	 [image: Energies 14 05639 i021]
	2.13
	38.44



	9
	 [image: Energies 14 05639 i022]
	2.30
	-
	0.00
	100



	10
	 [image: Energies 14 05639 i023]
	3.54
	 [image: Energies 14 05639 i024]
	2.72
	23.16



	11
	 [image: Energies 14 05639 i025]
	2.35
	 [image: Energies 14 05639 i026]
	0.64
	72.77







m0—mass of the sample before thermal treatment, m1—mass of the sample after thermal treatment.
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Table 3. Samples of the mobile phone waste from 12 to 20 before and after thermal treatment in the fluidised bed and their weight losses.
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	No.
	Sample before Thermal Treatment
	m0

(g)
	Sample after Thermal Treatment
	m1

(g)
	Weight Loss

(%)





	12
	 [image: Energies 14 05639 i027]
	4.13
	 [image: Energies 14 05639 i028]
	2.78
	32.69



	13
	 [image: Energies 14 05639 i029]
	2.20
	 [image: Energies 14 05639 i030]
	0.58
	73.63



	14
	 [image: Energies 14 05639 i031]
	3.29
	 [image: Energies 14 05639 i032]
	2.38
	27.66



	15
	 [image: Energies 14 05639 i033]
	1.90
	 [image: Energies 14 05639 i034]
	1.71
	10.00



	16
	 [image: Energies 14 05639 i035]
	4.69
	 [image: Energies 14 05639 i036]
	3.54
	24.52



	17
	 [image: Energies 14 05639 i037]
	4.81
	 [image: Energies 14 05639 i038]
	3.40
	29.31



	18
	 [image: Energies 14 05639 i039]
	2.14
	-
	0.00
	100



	19
	 [image: Energies 14 05639 i040]
	4.73
	 [image: Energies 14 05639 i041]
	4.41
	6.76



	20
	 [image: Energies 14 05639 i042]
	6.00
	 [image: Energies 14 05639 i043]
	4.84
	19.33







m0—mass of the sample before thermal treatment, m1—mass of the sample after thermal treatment.
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Table 4. Emission of CO, VOC, aliphatic and aromatic hydrocarbons and phenol in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.
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No.

	
Mass (g)

	
Emission (mg)




	
Sample

	
CO

	
C6H6

	
C6H6O

	
C10H8

	
CH4

	
C2H6

	
C2H2

	
C2H4

	
VOCs






	
1

	
2.68

	
235

	
4.54

	
0.69

	
1.54

	
1.61

	
0.62

	
0.87

	
1.59

	
11.46




	
2

	
4.24

	
317

	
5.71

	
1.25

	
2.49

	
2.31

	
0.99

	
1.02

	
1.99

	
15.76




	
3

	
0.96

	
307

	
4.95

	
0.57

	
2.19

	
2.30

	
0.88

	
1.08

	
2.92

	
14.89




	
4

	
4.95

	
397

	
7.30

	
2.04

	
3.25

	
3.09

	
1.32

	
1.13

	
2.60

	
20.73




	
5

	
3.16

	
290

	
5.26

	
0.27

	
4.07

	
2.52

	
1.00

	
1.01

	
2.81

	
16.94




	
6

	
3.06

	
724

	
23.5

	
13.4

	
10.4

	
5.05

	
4.40

	
2.22

	
3.00

	
61.97




	
7

	
2.18

	
14.0

	
0.32

	
0.10

	
0.17

	
0.05

	
0.00

	
0.00

	
0.04

	
0.68




	
8

	
3.46

	
309

	
5.35

	
2.42

	
2.00

	
3.11

	
1.06

	
0.47

	
1.50

	
15.91




	
9

	
2.30

	
711

	
20.3

	
10.6

	
9.67

	
4.75

	
3.44

	
2.21

	
3.65

	
54.62




	
10

	
3.54

	
327

	
6.70

	
4.48

	
2.32

	
3.84

	
1.57

	
0.45

	
1.66

	
21.02




	
11

	
2.35

	
255

	
1.41

	
0.03

	
0.25

	
3.52

	
0.32

	
0.36

	
1.15

	
7.04




	
12

	
4.13

	
463

	
8.13

	
4.65

	
3.20

	
4.34

	
1.85

	
0.70

	
2.29

	
25.16




	
13

	
2.21

	
240

	
3.59

	
0.53

	
1.13

	
2.16

	
0.54

	
1.11

	
1.89

	
10.95




	
14

	
3.29

	
374

	
5.30

	
2.11

	
2.46

	
3.63

	
1.09

	
0.53

	
1.94

	
17.06




	
15

	
1.90

	
242

	
5.98

	
1.54

	
1.83

	
2.62

	
0.85

	
0.51

	
1.65

	
14.98




	
16

	
4.69

	
232

	
3.82

	
0.32

	
1.02

	
2.11

	
0.67

	
0.94

	
2.46

	
11.34




	
17

	
4.81

	
534

	
5.91

	
1.62

	
2.53

	
3.81

	
1.09

	
0.88

	
2.50

	
18.34




	
18

	
2.14

	
750

	
20.6

	
2.60

	
10.4

	
3.79

	
2.32

	
3.26

	
4.55

	
47.52




	
19

	
4.73

	
682

	
7.31

	
2.61

	
3.23

	
5.29

	
1.71

	
1.04

	
3.76

	
24.95




	
20

	
6.00

	
692

	
9.55

	
3.34

	
4.41

	
5.85

	
2.21

	
0.94

	
3.95

	
30.25




	
∑

	
66.76

	
8093

	
156

	
55.2

	
69.0

	
66.0

	
27.9

	
20.7

	
47.9

	
442.7
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Table 5. The emission factor of CO, VOCs, aliphatic and aromatic hydrocarbons and phenol in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.
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No.

	
Mass (g)

	
Emission Coefficient (mg g−1)




	
Sample

	
CO

	
C6H6

	
C6H6O

	
C10H8

	
CH4

	
C2H6

	
C2H2

	
C2H4

	
VOCs






	
1

	
2.68

	
87.9

	
1.70

	
0.26

	
0.58

	
0.60

	
0.23

	
0.32

	
0.60

	
4.29




	
2

	
4.24

	
74.8

	
1.35

	
0.29

	
0.59

	
0.55

	
0.23

	
0.24

	
0.47

	
3.72




	
3

	
0.96

	
319

	
5.15

	
0.60

	
2.28

	
2.39

	
0.91

	
1.13

	
3.03

	
15.5




	
4

	
4.95

	
80.2

	
1.48

	
0.41

	
0.66

	
0.63

	
0.27

	
0.23

	
0.53

	
4.21




	
5

	
3.16

	
91.9

	
1.67

	
0.09

	
1.29

	
0.80

	
0.32

	
0.32

	
0.89

	
5.38




	
6

	
3.06

	
236

	
7.68

	
4.39

	
3.40

	
1.65

	
1.44

	
0.72

	
0.98

	
20.3




	
7

	
2.18

	
6.41

	
0.15

	
0.05

	
0.08

	
0.02

	
0.00

	
0.00

	
0.02

	
0.32




	
8

	
3.46

	
89.2

	
1.54

	
0.70

	
0.58

	
0.9

	
0.31

	
0.14

	
0.43

	
4.60




	
9

	
2.30

	
309

	
8.82

	
4.60

	
4.20

	
2.07

	
1.49

	
0.96

	
1.59

	
23.7




	
10

	
3.54

	
92.3

	
1.89

	
1.26

	
0.65

	
1.09

	
0.44

	
0.13

	
0.47

	
5.93




	
11

	
2.35

	
109

	
0.60

	
0.00

	
0.11

	
1.5

	
0.14

	
0.15

	
0.49

	
2.99




	
12

	
4.13

	
112

	
1.97

	
1.12

	
0.77

	
1.05

	
0.45

	
0.17

	
0.55

	
6.08




	
13

	
2.21

	
109

	
1.63

	
0.24

	
0.51

	
0.98

	
0.24

	
0.50

	
0.86

	
4.96




	
14

	
3.29

	
114

	
1.61

	
0.64

	
0.75

	
1.11

	
0.33

	
0.16

	
0.59

	
5.19




	
15

	
1.90

	
127

	
3.14

	
0.81

	
0.96

	
1.38

	
0.45

	
0.27

	
0.87

	
7.88




	
16

	
4.69

	
49.4

	
0.81

	
0.07

	
0.22

	
0.45

	
0.14

	
0.20

	
0.53

	
2.42




	
17

	
4.81

	
111

	
1.23

	
0.34

	
0.53

	
0.79

	
0.23

	
0.18

	
0.52

	
3.82




	
18

	
2.14

	
351

	
9.64

	
1.22

	
4.85

	
1.77

	
1.08

	
1.52

	
2.13

	
22.2




	
19

	
4.73

	
144

	
1.55

	
0.55

	
0.68

	
1.12

	
0.36

	
0.22

	
0.79

	
5.27




	
20

	
6.00

	
115

	
1.59

	
0.56

	
0.73

	
0.97

	
0.37

	
0.16

	
0.66

	
5.04




	
Average coefficient

	
136

	
2.76

	
0.91

	
1.22

	
1.09

	
0.47

	
0.39

	
0.85

	
7.69
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Table 6. Emission of SO2, NOx, HCN, NH3, HBr and HCl in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.






Table 6. Emission of SO2, NOx, HCN, NH3, HBr and HCl in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.





	
No.

	
Mass (g)

	
Emission (mg)




	
Sample

	
SO2

	
NOx

	
HCN

	
NH3

	
HBr

	
HCl






	
1

	
2.68

	
2.06

	
3.39

	
1.15

	
0.00

	
0.00

	
0.00




	
2

	
4.24

	
1.82

	
3.20

	
0.84

	
0.00

	
0.00

	
0.00




	
3

	
0.96

	
2.41

	
1.64

	
1.16

	
0.00

	
0.00

	
0.00




	
4

	
4.95

	
1.44

	
3.91

	
1.36

	
0.00

	
0.00

	
0.00




	
5

	
3.16

	
3.31

	
0.74

	
0.70

	
0.00

	
0.00

	
0.00




	
6

	
3.06

	
3.03

	
1.25

	
1.83

	
0.00

	
2.39

	
0.00




	
7

	
2.18

	
0.07

	
4.67

	
0.00

	
0.00

	
0.00

	
0.00




	
8

	
3.46

	
2.92

	
3.45

	
1.02

	
0.12

	
0.00

	
2.58




	
9

	
2.30

	
4.95

	
0.42

	
1.16

	
0.00

	
0.00

	
0.00




	
10

	
3.54

	
3.10

	
3.73

	
0.98

	
0.24

	
0.00

	
3.45




	
11

	
2.35

	
0.02

	
0.02

	
0.34

	
0.00

	
0.00

	
0.00




	
12

	
4.13

	
4.59

	
4.90

	
1.42

	
0.25

	
0.00

	
3.33




	
13

	
2.21

	
2.46

	
0.46

	
0.65

	
0.00

	
0.00

	
0.00




	
14

	
3.29

	
3.12

	
4.09

	
1.15

	
0.13

	
0.00

	
2.03




	
15

	
1.90

	
1.47

	
1.96

	
0.86

	
0.00

	
0.00

	
1.27




	
16

	
4.69

	
1.61

	
0.62

	
0.54

	
0.00

	
0.00

	
0.00




	
17

	
4.81

	
3.81

	
4.91

	
1.19

	
0.08

	
0.00

	
1.86




	
18

	
2.14

	
6.00

	
6.13

	
3.41

	
0.00

	
0.00

	
0.00




	
19

	
4.73

	
5.6

	
7.73

	
1.72

	
0.18

	
2.62

	
2.8




	
20

	
6.00

	
5.51

	
5.13

	
1.21

	
0.14

	
4.43

	
2.46




	
∑

	
66.76

	
59.3

	
62.4

	
22.7

	
1.15

	
9.44

	
19.8
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Table 7. The emission factor of SO2, NOx, HCN, NH3, HBr and HCl in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.






Table 7. The emission factor of SO2, NOx, HCN, NH3, HBr and HCl in the exhaust gases obtained during thermal treatment of waste mobile phones in a fluidised bed.





	
No.

	
Mass (g)

	
Emission Coefficient (mg g−1)




	
Sample

	
SO2

	
NOx

	
HCN

	
NH3

	
HBr

	
HCl






	
1

	
2.68

	
0.77

	
1.27

	
0.43

	
0.00

	
0.00

	
0.00




	
2

	
4.24

	
0.43

	
0.76

	
0.20

	
0.00

	
0.00

	
0.00




	
3

	
0.96

	
2.51

	
1.71

	
1.21

	
0.00

	
0.00

	
0.00




	
4

	
4.95

	
0.29

	
0.79

	
0.28

	
0.00

	
0.00

	
0.00




	
5

	
3.16

	
1.05

	
0.23

	
0.22

	
0.00

	
0.00

	
0.00




	
6

	
3.06

	
0.99

	
0.41

	
0.60

	
0.00

	
0.78

	
0.00




	
7

	
2.18

	
0.03

	
2.14

	
0.00

	
0.00

	
0.00

	
0.00




	
8

	
3.46

	
0.84

	
1.00

	
0.29

	
0.04

	
0.00

	
0.74




	
9

	
2.30

	
2.15

	
0.18

	
0.50

	
0.00

	
0.00

	
0.00




	
10

	
3.54

	
0.88

	
1.05

	
0.28

	
0.07

	
0.00

	
0.97




	
11

	
2.35

	
0.01

	
0.01

	
0.14

	
0.00

	
0.00

	
0.00




	
12

	
4.13

	
1.11

	
1.19

	
0.34

	
0.06

	
0.00

	
0.81




	
13

	
2.21

	
1.12

	
0.21

	
0.29

	
0.00

	
0.00

	
0.00




	
14

	
3.29

	
0.95

	
1.24

	
0.35

	
0.04

	
0.00

	
0.62




	
15

	
1.90

	
0.77

	
1.03

	
0.45

	
0.00

	
0.00

	
0.67




	
16

	
4.69

	
0.34

	
0.13

	
0.12

	
0.00

	
0.00

	
0.00




	
17

	
4.81

	
0.79

	
1.02

	
0.25

	
0.02

	
0.00

	
0.39




	
18

	
2.14

	
2.81

	
2.87

	
1.59

	
0.00

	
0.00

	
0.00




	
19

	
4.73

	
1.18

	
1.63

	
0.36

	
0.04

	
0.55

	
0.59




	
20

	
6.00

	
0.92

	
0.85

	
0.20

	
0.02

	
0.74

	
0.41




	
Average coefficient

	
1.00

	
0.99

	
0.41

	
0.01

	
0.10

	
0.26
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Table 8. Received fractions after magnetic enrichment processes.






Table 8. Received fractions after magnetic enrichment processes.





	
Separation

	
Fraction

	
Grain Size (mm)

	
Mass (g)

	
Picture






	
The sample after crumbling and separating with sieves

	
>1

	
70.4

	
 [image: Energies 14 05639 i044]




	
Neodymium magnet

	
Magnetic

(I)

	
>1

	
27.2

	
 [image: Energies 14 05639 i045]




	
Non-magnetic

(II)

	
>1

	
43.2

	
 [image: Energies 14 05639 i046]




	
The sample after crumbling and separating with sieves

	
< 1

	
263.2

	
 [image: Energies 14 05639 i047]




	
Plate separator

	
Magnetic

(III)

	
< 1

	
2.5

	
 [image: Energies 14 05639 i048]




	
Disc separator

	
Magnetic

(IV)

	
< 1

	
19.8

	
 [image: Energies 14 05639 i049]




	
Disc separator

	
Magnetic

(V)

	
<0.5

	
22.6

	
 [image: Energies 14 05639 i050]




	
Non-magnetic

(VI)

	
<0.5

	
207.7

	
 [image: Energies 14 05639 i051]
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Table 9. The contents of selected chemical elements in each fraction.






Table 9. The contents of selected chemical elements in each fraction.





	
Chemical Element

	
Chemical Element Content in Fraction (g)




	
0

	
I

	
II

	
III

	
IV

	
V

	
VI






	
Cu

	
79.462

	
2.258

	
32.358

	
7.76 × 10−2

	
3.01

	
4.048

	
37.71




	
Fe

	
27.247

	
23.344

	
0.764

	
1.425

	
1.416

	
0.135

	
0.164




	
Al

	
1.805

	
1.83 × 10−2

	
6.81 × 10−2

	
1 × 10−6

	
0.23

	
0.256

	
1.233




	
Sn

	
1.62

	
0.113

	
0.631

	
3.23 × 10−3

	
3.22 × 10−2

	
1.18 × 10−3

	
0.839




	
Zn

	
3.123

	
0.169

	
2.268

	
7.4×10−2

	
0.134

	
8.42 × 10−2

	
0.394




	
Nd

	
0.508

	
1.58 × 10−3

	
7.9 × 10−5

	
0.338

	
0.159

	
5.22 × 10−3

	
3.99 × 10−3




	
Au

	
0.197

	
2.32 × 10−3

	
6.47 × 10−3

	
8.76 × 10−4

	
1.53 × 10−2

	
7.19 × 10−3

	
0.164




	
Co

	
0.205

	
0.145

	
3.32 × 10−2

	
1.69 × 10−2

	
4.71 × 10−3

	
1.29 × 10−3

	
3.8 × 10−3




	
Ag

	
1.2 × 10−2

	
2.6 × 10−5

	
5.6 × 10−5

	
1.8 × 10−4

	
1.51 × 10−3

	
4.7 × 10−4

	
9.47 × 10−3




	
Mo

	
1.9 × 10−2

	
3.89 × 10−3

	
1.16 × 10−2

	
4.6 × 10−4

	
3.1 × 10−4

	
1.4 × 10−4

	
2.15 × 10−3




	
Other element

(Si, O, etc.)

	
219.40

	
1145

	
7059

	
0.563

	
14.79

	
18.06

	
167.17




	
fraction mass

	
333.6

	
27.2

	
43.2

	
2.50

	
19.8

	
22.6

	
207.7
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Table 10. The enrichment balance of the performed magnetic separation of copper, iron, neodymium, cobalt and molybdenum.






Table 10. The enrichment balance of the performed magnetic separation of copper, iron, neodymium, cobalt and molybdenum.





	
Cu, α = 24.6%




	
Fraction

	
γ, %

	
∑γ,%

	
λ, %

	
β = ∑(γ × λ)/∑γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
8.30

	
8.30

	
0.337

	
2.84

	
2.84




	
II

	
13.4

	
21.8

	
74.9

	
49.17

	
2.00

	
40.7

	
43.6




	
III

	
0.77

	
22.6

	
3.10

	
47.59

	
1.93

	
0.098

	
43.7




	
IV

	
6.13

	
28.7

	
15.2

	
40.67

	
1.65

	
3.79

	
47.4




	
V

	
7.00

	
35.7

	
17.9

	
36.21

	
1.47

	
5.09

	
52.5




	
VI

	
64.3

	
100

	
18.2

	
24.60

	
1.00

	
47.5

	
100




	
Fe, α = 8.44%




	
Fraction

	
γ,%

	
∑γ,%

	
λ, %

	
β = ∑(γ × λ)/∑γ, %

	
K = β/α

	
ε = γ × λ/α,%

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
85.8

	
85.8

	
10.2

	
85.7

	
85.7




	
II

	
13.4

	
21.8

	
1.77

	
34.2

	
4.06

	
2.80

	
88.5




	
III

	
0.77

	
22.6

	
57.0

	
35.0

	
4.15

	
5.23

	
93.7




	
IV

	
6.13

	
28.7

	
7.15

	
29.1

	
3.45

	
5.20

	
98.9




	
V

	
7.00

	
35.7

	
0.597

	
23.5

	
2.78

	
0.495

	
99.4




	
VI

	
64.3

	
100

	
0.079

	
8.44

	
1.00

	
0.602

	
100




	
Nd, α = 0.16%




	
Fraction

	
γ,%

	
∑γ,%

	
λ, %

	
β = ∑(γ × λ)/∑γ,%

	
K = β/α

	
ε = γ × λ/α,%

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.006

	
0.006

	
0.037

	
0.311

	
0.311




	
II

	
13.4

	
21.8

	
0.0002

	
0.002

	
0.015

	
0.016

	
0.327




	
III

	
0.77

	
22.6

	
13.5

	
0.466

	
2.96

	
66.6

	
66.9




	
IV

	
6.13

	
28.7

	
0.803

	
0.538

	
3.42

	
31.3

	
98.2




	
V

	
7.00

	
35.7

	
0.023

	
0.437

	
2.78

	
1.03

	
99.2




	
VI

	
64.3

	
100

	
0.002

	
0.157

	
1.00

	
0.786

	
100




	
Co, α = 0.06%




	
Fraction

	
γ,%

	
∑γ,%

	
λ, %

	
β = ∑(γ × λ)/∑γ, %

	
K = β/α

	
ε = γ × λ/α,%

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.533

	
0.533

	
8.40

	
70.8

	
70.8




	
II

	
13.4

	
21.8

	
0.077

	
0.253

	
3.99

	
16.2

	
87.0




	
III

	
0.77

	
22.6

	
0.676

	
0.268

	
4.22

	
8.25

	
95.2




	
IV

	
6.13

	
28.7

	
0.024

	
0.216

	
3.40

	
2.30

	
97.5




	
V

	
7.00

	
35.7

	
0.006

	
0.174

	
2.75

	
0.630

	
98.1




	
VI

	
64.3

	
100

	
0.002

	
0.063

	
1.00

	
1.85

	
100




	
Mo, α = 0.006%




	
Fraction

	
γ,%

	
∑γ,%

	
λ, %

	
β = ∑(γ × λ)/∑γ, %

	
K = β/α

	
ε = γ × λ/α,%

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.014

	
0.014

	
2.49

	
21.0

	
21.0




	
II

	
13.4

	
21.8

	
0.027

	
0.022

	
3.83

	
62.5

	
83.5




	
III

	
0.77

	
22.6

	
0.018

	
0.022

	
3.81

	
2.48

	
86.0




	
IV

	
6.13

	
28.7

	
0.002

	
0.018

	
3.05

	
1.67

	
87.7




	
V

	
7.00

	
35.7

	
0.001

	
0.014

	
2.48

	
0.755

	
88.4




	
VI

	
64.3

	
100

	
0.001

	
0.006

	
1.00

	
11.6

	
100
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Table 11. The enrichment balance of the performed magnetic separation of aluminium, zinc, tin, gold and silver.






Table 11. The enrichment balance of the performed magnetic separation of aluminium, zinc, tin, gold and silver.





	
Al, α = 0.56%




	
Fraction

	
γ, %

	
∑γ, %

	
λ, %

	
β = ∑(γ × λ)/∑γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.067

	
0.067

	
0.120

	
1.0

	
1.0




	
II

	
13.4

	
21.8

	
0.158

	
0.123

	
0.220

	
3.8

	
4.8




	
III

	
0.77

	
22.6

	
0.000

	
0.119

	
0.212

	
0.000

	
4.8




	
IV

	
6.13

	
28.7

	
1.16

	
0.341

	
0.611

	
12.7

	
17.5




	
V

	
7.00

	
35.7

	
1.13

	
0.496

	
0.888

	
14.2

	
31.7




	
VI

	
64.3

	
100

	
0.594

	
0.559

	
1.00

	
68.3

	
100




	
Zn, α = 0.97%




	
Fraction

	
γ, %

	
∑γ, %

	
λ, %

	
β = ∑ γ × λ/∑ γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.621

	
0.621

	
0.643

	
5.41

	
5.41




	
II

	
13.4

	
21.8

	
5.25

	
3,46

	
3.58

	
72.6

	
78,0




	
III

	
0.77

	
22.6

	
2.96

	
3.44

	
3.56

	
2.37

	
80.4




	
IV

	
6.13

	
28.7

	
0.677

	
2.85

	
2.95

	
4.29

	
84.7




	
V

	
7.00

	
35.7

	
0.373

	
2.37

	
2.45

	
2.70

	
87.4




	
VI

	
64.3

	
100

	
0.190

	
0.967

	
1.00

	
12.6

	
100




	
Sn, α = 0.50%




	
Fraction

	
γ, %

	
∑γ, %

	
λ, %

	
β = ∑ γ × λ/∑ γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.415

	
0.415

	
0.829

	
6.98

	
6.98




	
II

	
13.4

	
21.8

	
1.46

	
1.06

	
2.11

	
39.0

	
45.9




	
III

	
0.77

	
22.6

	
0.129

	
1.03

	
2.04

	
0.199

	
46.1




	
IV

	
6.13

	
28.7

	
0.163

	
0.841

	
1.68

	
1.99

	
48.1




	
V

	
7.00

	
35.7

	
0.005

	
0.677

	
1.35

	
0.073

	
48.2




	
VI

	
64.3

	
100

	
0.404

	
0.501

	
1.00

	
51.8

	
100




	
Au, α = 0.06%




	
Fraction

	
γ, %

	
∑γ, %

	
λ, %

	
β = ∑ γ × λ/∑ γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.009

	
0.009

	
0.140

	
1.18

	
1.18




	
II

	
13.4

	
21.8

	
0.015

	
0.012

	
0.206

	
3.30

	
4.48




	
III

	
0.77

	
22.6

	
0.035

	
0.013

	
0.218

	
0.447

	
4.93




	
IV

	
6.13

	
28.7

	
0.077

	
0.027

	
0.443

	
7.80

	
12.7




	
V

	
7.00

	
35.7

	
0.032

	
0.028

	
0.459

	
3.67

	
16.4




	
VI

	
64.3

	
100

	
0.079

	
0.061

	
1.00

	
83.6

	
100




	
Ag, α = 0.004%




	
Fraction

	
γ, %

	
∑γ, %

	
λ, %

	
β = ∑ γ × λ/∑ γ, %

	
K = β/α

	
ε = γ × λ/α, %

	
∑ ε = K × ∑γ, %




	
I

	
8.42

	
8.42

	
0.0001

	
0.0001

	
0.026

	
0.222

	
0.222




	
II

	
13.4

	
21.8

	
0.0001

	
0.0001

	
0.032

	
0.478

	
0.700




	
III

	
0.77

	
22.6

	
0.007

	
0.0004

	
0.099

	
1.54

	
2.24




	
IV

	
6.13

	
28.7

	
0.008

	
0.0019

	
0.527

	
12.9

	
15.1




	
V

	
7.00

	
35.7

	
0.002

	
0.0019

	
0.536

	
4.01

	
19.1




	
VI

	
64.3

	
100

	
0.005

	
0.0036

	
1.00

	
80.9

	
100
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Table 12. Crystalline phases in particular fractions determined by X-ray diffraction.






Table 12. Crystalline phases in particular fractions determined by X-ray diffraction.





	
Fraction

	
Crystalline Phase Identified




	
Si

	
Cu

	
Fe

	
Sn

	
Others






	
I

	
-

	
Cu—42.2%

	
Fe—57.3%

	
-

	
W—0.5%




	
II

	
Si—1.1%

	
Cu—46.5%

Cu (Zn)—23.9%

Cu (Pb, Sn, Zn)—11.3%

	
-

	
-

	
Al—13.6%

C—3.6%




	
III

	
-

	
-

	
Fe14Nd2B—31.4%

Fe3O4—25.7%

	
SnO2—5.7%

	
Ni—37.2%




	
IV

	
SiO2—62.3%

	
Cu2O—8.9%

CuO—4.8%

Cu—5.6%

	
CuFe—3.0%

	
SnO3Sr—2.7%

SnO2—2.2%

	
BaTiO3—10.6%




	
V

	
SiO2—61.0%

	
Cu2O—25.3%

Tl0.01Cu3.99 —6.7%

CuO—3.6%

CuGaTe2—1.4%

	
-

	
SnO2—2.2%

	
-




	
VI

	
SiO2—59.8%

	
Cu2O—29.4%

Tl0.01Cu3.99 —5.1%

CuO—2.1%

	
-

	
SnO2—3.5%

	
-
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