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Abstract 

Natural minerals are a powerful tool in politics when some have a major role in production. Its depletion is now a hot 
topic worldwide. Thus, the safety of the environment, natural surface water, groundwater and the protection of soils 
from chronic contamination by metallic and inorganic elements is a global concern. Indeed, industrialization and 
development have led to the generation of huge and varied amounts of waste, including electronic waste (e-waste), 
which is released into the environment. Although e-waste is classified as hazardous, most of it is not recycled and 
developed countries with strict environmental protection legislation send most of their e-waste to developing countries 
where regulations are lax. These electronic devices and components after being used are simply dumped into the 
environment due to lack of treatment and recycling strategy. As a result, they become a threat to the environment, 
ecosystems and humans. African countries are among the most vulnerable nations. But they are unfortunately ignored 
and underestimated. To date, there is no e-waste recycling unit (factory) in most African countries and mainly in the 
Republic of Benin. In response to this challenge, this study explored the different techniques used for the recycling of 
waste electrical/electronic equipment in order to develop a new environmentally friendly approach in future work, for 
the extraction and recycling of the usual and valuable metallic elements contained in electronic waste (printed circuit 
boards) released into the environment. For this purpose, a bibliographic research was carried out from 20 April to 16 
October 2021. The results obtained allowed us to identify the advantages and disadvantages of existing recycling 
methods.  

Keywords: Technology; Waste electrical and electronic equipment; Environment; Recycling; metals 

1. Introduction

Nowadays, the world is producing more and more electrical and electronic waste. The consumption of electronic 
equipment is constantly increasing, because with the speed of technological progress, they become obsolete in a 
relatively short period of time [1, 2]. According to [3, 4] the amount of computers, phones, televisions and devices being 
discarded doubled between 2009 and 2014, reaching 42 million tons per year worldwide. Developed countries, 
particularly in North America and Europe, generate the most e-waste. The United States generates more and China the 
second most [5]. It is therefore urgent to develop collection strategies for the recovery of this waste.  
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Indeed, the collection rates of waste electrical and electronic equipment (WEEE) vary greatly from country to country. 
Within the European Union, strong variations are observed: 15% of WEEE is collected in Romania, while collection 
reaches 88% in Sweden [6]. In France, it was estimated at 45.2% in 2016, which corresponds to the European average 
[7]. Numerous regulations have emerged, such as the 2012/19/EU directive which sets a target to be reached in 2020 
of 85% collection of WEEE separately from household waste (European Union, 2012). The implementation of "Extended 
Producer Responsibility" (EPR) channels in France has strongly contributed to an improvement in collection [7]. Thus, 
4.22 million tons of WEEE were collected between 2006 and 2016 including 0.73 million tons in 2016 alone. Local and 
global policies also have a role to play in encouraging recycling. In the European Union, some of the WEEE that is not 
collected would be mixed with household waste, which is mostly incinerated or landfilled. In developing countries, it is 
estimated that about 40% of WEEE is also landfilled [8].  

Thus, the management of these products at the end of their life has three objectives: (i) the reduction of waste quantities 
by changing our consumption patterns and working on the repair of WEEE; (ii) the reuse of part of the components to 
insert them in new objects; (iii) the recycling of raw materials. For the latter, the efficient collection of waste and the 
development of new recycling processes must be established.  

In order to meet these objectives, methods for recovering metals from waste materials have been proposed in the 
literature. This study therefore aims to highlight the different processes used for WEEE recycling. It has highlighted the 
advantages and limitations of the processes used.  

2. Methodology  

A literature review was conducted between April 2021 to October 2021. The research considered: e-waste management, 
printed circuit boards of electronic and electrical waste, precious metals. It extended back to 2003.  

3. Results  

3.1. Waste electrical and electronic equipment: potential sources of base and precious metals  

At the end of its life, Electrical and Electronic Equipment (WEEE), becomes Waste or Electronic Waste. Each year, 20 to 
50 million tons of WEEE are produced worldwide [9]. This volume is growing rapidly due to high renewal frequencies, 
usage patterns and technological innovation favouring rapid obsolescence [10].  

According to [3,4] confirmed that, the amount of computers, phones, televisions and devices being discarded doubled 
between 2009 and 2014 to 42 million tons per year worldwide. Developed countries, particularly in North America and 
Europe, generate the most e-waste. The United States generates the most and China the second most [5]. Although e-
waste is classified as hazardous, most of it is not recycled, and rich countries with strict environmental protection 
legislation send most of their e-waste to developing countries with lax regulations [2]. Many of these poor countries, 
particularly in Africa, have little or no e-waste laws [2]. The e-waste legislation in Africa, India and China is ineffective 
and inconsistently enforced. These underpin the statement in [2] "International cooperation is needed to prevent 
developed countries from simply dumping obsolete electronic equipment on developing countries".  

Furthermore, e-waste is a real source of metals (Table 1) and a source of serious environmental contamination, which 
requires special attention, lest there be an accumulation of pollutants in the environment, soil and surface water 
reservoir.  

Table 1 below gives us the composition of metals in printed circuit boards. From the analysis of this table, it appears 
that printed circuit boards are the seat of metals.  

In Africa in general and in the Republic of Benin in particular, these printed circuit boards are sources par excellence of 
serious environmental contamination in terms of metallic contaminants and the release of persistent organic pollutants 
into the environment. It is therefore urgent to think about their recycling.  
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Table 1 Comparative wealth of metal ores and circuit boards [11].  

Resource (pds) in the ores %(pds) in circuits prints 

Cu 1.3% 26.61% 

Fe 42% 1.08% 

Al 42% 0.58% 

Pb 5.9% 2.19% 

Zn 4.2% 2.03% 

Nor 0.6% 1.08% 

Sn 0.86% 3.21% 

At 6.1ppm 665ppm 

Pt 2.9ppm 37ppm 

Pd  48ppm 

Ag 590ppm 1700ppm 

Plastic 0 32% 

Ceramic - 21% 
 

Studies in [12] have shown that waste electrical and electronic equipment is very complex and varied. The composition 
of the waste varies according to the type of waste and its life span. Most of the metals found in electronic waste come 
from printed circuit boards (PCBs), which are elements that ensure the electrical connections between electronic 
components while serving as a support. Figure 1 below gives an overview of the elements in PCBs. 

 

Figure 1 Pre-treatment and sorting of e-waste  

Work [13] has shown that PCBs, due to their composition, are the constituents of electronic waste with the highest value 
and the greatest impact on our environment. The elemental composition of PCBs (nature of chemical elements and 
concentrations) depends on their date of manufacture, their origin and the electrical and electronic equipment from 
which these boards originate. In general, there are about 30% plastics, 30% ceramics and glass and 40% metals [14]. 
Table 2 shows typical metal compositions in electronic boards [15, 16, 17]. 

Indeed, the metal contents of printed circuit boards are generally higher than those of primary raw material deposits, 
which shows the need to upgrade them. They can contain 20 to 40 times more copper and 20 to 250 times more gold 
than ores [12]. Furthermore, many metals or metalloids contained in printed circuit boards, such as antimony, tungsten, 
cobalt, germanium, gallium, indium or tantalum, are classified as critical substances by the European Union.  
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Table 2 Typical metal composition in electronic boards 

  [16] [15] [17] 

Base metal concentrations (in % by mass) 

Cu 20.00% 14.20% 11.00% 

Fe 10.00% 3.08% 12.00% 

Al 5.70% - 8.60% 

Zn 0.70% 0.18% 1.40% 

Sn 2.10% 4.79% 2.70% 

Pb 1.50% 2.50% 3% 

Precious metal concentrations (in mg.kg-1) 

Ag 2500 317 220 

At 400 142 20 

Pd 600 - 12 

Pt 22 - - 

Concentrations of other metals (mg.kg-1) 

 

Cr 1400 - 212 

Sb 3000 500 600 

Nor 7000 4100 1100 

Co 60 - - 

Mn 5500 81 - 

Mo 280 - - 

Mg 2800 - - 

Your 180 - - 

 

However, the recovery of PCB waste faces several challenges:  

 the diversity of these wastes, in terms of size, shape, constituents and composition, as explained above;  
 the presence of about 50 different elements, which implies difficulties in metal purification compared to 

primary ore concentrates, which often contain less than 20 elements in usually lower proportions[16] ;  
 the strong interweaving of these different elements, in the form of alloys for example; this makes it possible to 

obtain physical and chemical properties that are particularly useful in new technologies;  
 their dispersion through the waste.  

The current economic value of electronic boards is mainly based on their precious metal content. Precious metals 
account for 70% to 90% of the value of printed circuit boards, although their concentration is less than 1% by weight 
[18, 19, 20]. 

3.2. Recycling methods  

As previously reported, waste is a real source of metals. Their management deserves special attention, lest there be an 
accumulation of pollutants in the environment, the soil, the surface water reservoir; which would finally weaken the 
ecosystem and human health. For this reason, several authors have developed techniques and means for the extraction 
and recycling of common and valuable metallic elements contained in electronic waste discharged into the environment.  

Work [11] has shown that there are two main ways of recovering metallic materials from both primary and secondary 
resources. These are shown in Figure 2, where we note the pyrometallurgical route, based on thermal treatments, and 
the hydrometallurgical route, based on a metal solubilisation stage. 
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Figure 2 Classical routes of extractive metallurgy [11] 

Other research has shown that a combination of methods is often used. These steps may be preceded by mechanical 
treatments to allow the elements to be concentrated in a particular fraction [21].  

3.2.1. Pyrometallurgy  

The pyrometallurgical technique is based on thermal treatments. Thermal energy is used to extract the metals in the 
waste. This operation includes several steps such as: pyrolysis, incineration, fusion.  

This technique is the preferred treatment for the recovery of electronic boards [18]. This process uses a smelter that 
combines the primary ores of the electronic boards. Indeed, for the recovery of copper, this technique is generally used. 
It involves roasting, to eliminate certain undesirable elements such as plastics; smelting, to reach the liquid state of the 
elements to be recovered (temperature of about 1200°C); transformation of the matte, obtained in the previous stage, 
into metallic copper by oxidation of the remaining sulphurous elements in a converter; and refining to purify the 
different elements [11]. Also, other steps can be added depending on the targeted metals.  

Moreover, melting treatments are not the only pyrometallurgical treatments used. Various pyrolysis techniques have 
been developed for the pretreatment of waste [2, 22, 23, 24]. Thus, pyrolysis makes it possible to break down the organic 
part into liquid or gaseous products, which can be reused as fuel. This makes it possible to limit the quantity of plastics 
present and to make the metals accessible so that they can then be solubilized. Another variant of this pre-treatment is 
incineration, which breaks down the organic matter into CO2 and H2O and releases the metals as oxides [25]. 

Further research is underway into the use of plasmast processing. In this process, the organic material is decomposed 
in the form of gas and the molten glass becomes glassy. It is then easy to separate the metals from the rest of the waste.  

The use of molten salts, such as KOH-NaOH or LiCl-KCl also allows the separation of metal products from the rest of the 
matrix that is molten, avoiding the oxidation of the metals of interest [2, 26]. Thus a significant amount of H2 can be 
recovered. Finally, new vacuum metallurgy methods are also being developed [27, 28].  

3.2.2. The hydrometallurgical technique  

The hydrometallurgical process is one of the simplest ways to extract metals. This process involves leaching of PCBs 
residues by dissolving the metals with a suitable leaching solution, purifying the original leaching solution and 
recovering the metals by electrowinning [29]. Generally, the oxidative leaching process is required for efficient 
extraction of base and precious metals of interest. The dissolution step in the hydrometallurgical process, goes through 
the acid-base reaction, redox reaction or by redox reaction coupled with complexation reactions as well as on more or 
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less complex purification steps so that the product, then shaped in a final step, finds its place in a specific market [12, 
29]. Various leaching media have been studied such as nitric acid, hydrochloric acid, thiourea, cyanide, etc. [12, 18,]. [12, 
18,]. This is a key step for hydrometallurgical processes: it must be fast, ideally selective to minimize the downstream 
purification steps and minimize the consumption of reagents, aggressive towards the material to be leached without 
being too corrosive for the equipment and generate a minimum of liquid, solid or gaseous effluents. All these conditions 
must allow the leaching operation to be easily integrated into the overall hydrometallurgical process in an efficient and 
cost-effective manner. Soft leaching operations should be favoured over high temperature, high pressure autoclave 
leaching processes which are energy and maintenance intensive. For example, the hydrometallurgical recovery of 
copper from metallic wastes is achieved by leaching in acids under oxidizing conditions [12, 30,] or in ammonia 
solutions [31, 32, 33]. Under optimal conditions, 90% Cu, 60% Zn and 9% Ni could be dissolved from e-waste in 10 h 
with 99.97% copper purity that could be obtained in the electrowinning step.  

Bioleaching is also used in mineral processing [34, 35, 36, 37]. It is an environmentally friendly and low-cost method. 
Currently, the application of bioleaching to recover metals from printed circuit board (PCB) waste has been reported 
[38]. For the recovery of precious metals from PCB waste, cyanogenic strains have been reported to be useful in the 
recovery of Au and Ag from PCB waste. Chromobacterium violaceum and Pseudomonas aeruginosa were the most 
reported strains [37, 39, 40]. According to [37] based on the optimized conditions, bioleaching using Pseudomonas 
chlororaphis, mixed Au and Cu particles could be simultaneously recovered up to 88.1 wt% Cu and 76.6 wt% Au. 
However, this application is still in its infancy. The difficulty is how to separate the non-metallic parts when using the 
bioleaching method to recover metals from PCBs in industrial production. After dissolving the metal species contained 
in the ores or wastes, it is often necessary to carry out a filtration step in order to remove the refractory part that has 
not solubilized. The solid is a residue that can be recovered in other applications or stored as final waste. The solution 
containing the metals must then undergo a purification step that consists of selectively extracting the metals of interest. 
This purification step involves different technologies such as liquid-liquid extraction, solid-liquid extraction (with ion 
exchange resins or high surface area inorganic materials), or selective precipitation steps. The stream leaving the 
purification stage then undergoes further steps to produce a semi-finished or finished product in the form of a salt 
(crystallization or precipitation) or metal (electrolysis). The extraction of copper, cobalt, nickel and zinc from a leaching 
solution prepared from printed circuit boards can reach up to 99.99% when the leaching has been previously carried 
out in nitric or sulphuric media [24, 41]. Currently, the most common method used for the extraction of gold and silver 
from ores is cyanidation [29,42].This process could therefore be used for the extraction of metal from printed circuit 
boards [43].  

3.2.3. Biohydrometallurgy  

Biohydrometallurgy, the use of biotechnologies in extractive metallurgy, can be declined in different ways in terms of 
unit operations: bioleaching, bioextraction or even biodegradation of organic reagents [44]. The techniques for the 
recovery of metallic elements from electronic boards are therefore varied. They can be combined in different ways to 
recover all the elements of the electronic board. Figure 3 shows some combinations of techniques used to recover 
electronic boards, and in particular the metallic part contained in them. 

 

Figure 3 Examples of recycling routes for electronic boards (blue: mechanical treatments; green: hydrometallurgy; 
orange: pyrometallurgy). [11] 
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3.3. Advantages and disadvantages of recycling methods  

There are several advantages and disadvantages to using exciting techniques for recycling waste electrical and 
electronic equipment.  

3.3.1. Pyrometallurgy  

The physical methods used to treat e-waste [45], especially for PCB waste [46], were not able to recover all the metals 
present in the electrical and electronic waste. However, in corona-electrostatic separation, precious metals (Au or Ag), 
present in PCB waste in trace amounts, are omitted. In fact, the physical treatment presents an inability to recover 
precious metals. According to [19], commercial pyrometallurgy operations recover between 92 and 98% of the precious 
metals contained in the treated waste. Furthermore, operating costs can be reduced by using plastics as reducing agents 
in place of coke, as well as a source of energy [47]. Finally, the electronic boards do not need to undergo heavy 
mechanical treatments upstream to make the metals accessible. The energy cost of this technique limits its use to boards 
enriched with precious metals [2, 18].  

However, despite the multiple advantages of this technique, other disadvantages are associated with these 
pyrometallurgical treatments. The works of are the evidence of this [18, 25, 47]. Among others, we can mention:  

 PCBs can only represent about 10-15% of the incoming load, as shown in Table 5, in order to avoid the release 
of toxic gases resulting from the thermal decomposition of organic compounds. Therefore, in view of the 
capacities of the processing units currently in operation, only a small part of the electronic boards can be 
processed. These are only the rich boards.  

 Energy demand is high;  
 Aluminium and iron, as well as some strategic metals, are lost in the slag;  
 Plastics cannot be recycled into other materials;  
 Toxic gases and dusts are generated and cause additional costs.  

3.3.2. Hydrometallurgy  

Hydrometallurgy has advantages that make it a technology of choice for the coming decades according to the work of 
[12, 48]. We will therefore retain:  

 Production costs are reduced compared to pyrometallurgical processes (mainly related to energy expenses);  
 Because of its low cost, hydrometallurgy allows the exploitation of poor or refractory ores, such as refractory 

gold ores. It could thus make it possible to upgrade poor electronic boards;  
 Hydrometallurgy is suitable for the development of small treatment facilities because the investment costs are 

low compared to pyrometallurgical processes. Thus, a complete coverage of the territory can be envisaged, 
making it possible to limit the transport of waste to the recycling units;  

 Hydrometallurgy appears to be a more flexible method in terms of the products processed: the process can be 
adapted to streams of varying composition;  

 Hydrometallurgy is more selective than pyrometallurgy. It can therefore produce metals of higher purity. This 
is why these processes are sometimes used downstream of pyrometallurgical processes [18].  

Nevertheless, the main difficulties with hydrometallurgical technology are its complexity, its hazardousness (safety 
risks) and the often observed low performance of quantitative oxidation of target metals. In addition, as environmental 
protection regulations become more stringent and the need to recycle e-waste increases, the fundamental research 
question is: "Which extraction solution should be used for the quantitative and reliable recovery of the valuable and 
common waste contained in e-waste? The problem with cyanidation is that it uses a highly toxic reagent, the process 
must be handled with care, and the disposal of the wastewater must be done with extreme rigor after the residue has 
been properly treated. Thus, the search for new and less toxic extraction solutions must be investigated.  

3.3.3. Biohydrometallurgy  

Biohydrometallurgy itself has advantages over hydrometallurgy [49]. As a result, the environment is generally less 
corrosive. Reagent requirements are lower, as they are produced in situ, which reduces costs and allows independence 
from the volatility of reagent prices. In addition, the temperatures are lower, so the energy demand is reduced. The 
treatment of ores and effluents can sometimes be done simultaneously.  

On the other hand, this technique also has significant disadvantages. These include:  
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 Toxicity of certain elements towards micro-organisms, which requires a period of adaptation to the 
environment in which they are used. This process is sometimes long and therefore makes them specific to the 
process. On complex and varied resources such as electronic boards, it can be complicated to stabilize the 
composition of the incoming solid flow to limit the effect on microorganisms.  

 Residence times are generally longer.  
 Acidophilic bioleaching requires large quantities of iron, which can interfere with the downstream metal 

recovery steps. In particular, the precipitation of Fe(III) during the purification steps following leaching leads 
to problems of co-precipitation of certain metals and the liquid-liquid extraction is often not very selective with 
respect to iron [50].  

On the other hand, pyrometallurgical processes are validated and integrated, unlike biohydrometallurgy: the 
development of these new technologies represents a significant risk and financial investment, although reduced 
compared to pyrometallurgical processes. This represents an economic challenge, in addition to the technical challenges 
of understanding the phenomena. 

4. Conclusion 

This study allowed us to list the different techniques used for the recycling of waste electrical and electronic equipment, 
in particular PCBs (Printed Circuit Boards) on the one hand, and to identify the advantages and disadvantages of using 
these recycling methods on the other hand. Indeed, the non-metallic fraction in PCBs can be separated from the metallic 
fraction by physical separation, such as magnetic separation, flotation, electrostatic separation, hydrometallurgy and 
gravity separation. However, some challenges, such as how to achieve a clean and optimal separation between the non-
metallic and metallic fractions, remain with regard to the physical recycling of the non-metallic fraction.  

Despite this, it is necessary to use mechanical treatments to prepare the material. In addition, large quantities of 
effluents must be treated and the solvents used in hydrometallurgy are sometimes toxic and can present risks for the 
environment.  

They seem to give good results and do not always require mechanical pre-treatment, but these solutions are costly and 
can be accompanied by toxic discharges.  

In addition, in view of the growth in global demand for metals, new processes must be developed to recover primary 
resources, the quality of which is declining, and secondary resources, the production of which is constantly increasing. 
In addition to contributing to the supply of metals, waste recycling also makes it possible to limit the environmental 
impact of landfilling or incineration.  

Electronic boards are the part of WEEE that contains the most non-ferrous metals. Thus, there is a strong interest in 
recovering them. However, due to their composition and the quantity of metals present in these printed circuits, the 
recycling techniques developed are complex. On an industrial scale, pyrometallurgy is the only technique currently used. 
Despite good recovery rates for precious metals and copper, this technology has many environmental drawbacks. 
Moreover, it can only process a small proportion of the printed circuit board waste produced on a global scale. It 
therefore seems necessary to develop alternatives.  

In general, these alternatives can be based on various combinations of techniques. Hydrometallurgy may have 
advantages in terms of lower capital and energy costs. Biohydrometallurgy, which is based on the use of micro-
organisms in extractive metallurgy, allows the in situ formation of reagents at limited costs and is being developed for 
the treatment of electronic boards. This method represents a possible technology for the recovery of waste, which must 
be inserted in a recycling chain, including a chain of upstream physical treatments to be implemented.  
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