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Abstract
The coronavirus pandemic severely impacted on society, from medical to waste generation. In the case of electronic waste, 
it was no different. The behavior change increased the consumption of electronic equipment and will likely change the 
generation of electronic waste in the following years. Furthermore, the impacts were different in emerging and developed 
countries. Emerging countries must improve their electronics collection and recycling policies, and even among developed 
countries, there is much difference. This review article aimed to analyze the differences between developed and emerging 
countries and the impacts of the pandemic on the generation of electronic waste. An analysis of the public policies of these 
groups of countries and electronic waste management was carried out, as well as the current approaches of Brazil, India, 
China, and South Africa for treating their waste. Developed countries' policies and legislation have shown that electronic 
waste governance is better addressed comprehensively than in emerging economies. The increased consumption of electronic 
equipment will result in a rise in electronic waste generation in the coming years. Future perspectives show that emerging 
countries should concentrate efforts on their waste management policies to achieve recycling targets with a focus on circular 
economy and sustainable development goals.

Editorial responsibility: Samareh Mirkia.

 *	 A. B. Botelho Junior 
	 amilton.junior@usp.br

1	 Department of Chemical Engineering, Polytechnic School, 
University of Sao Paulo, São Paulo, Brazil

2	 Department of Chemical Engineering, Federal University 
of Santa Maria—UFSM, Santa Maria, Brazil

3	 Department of Materials Engineering, Federal University 
of Rio Grande do Sul (UFRGS), Porto Alegre, Brazil

http://orcid.org/0000-0002-3421-6286
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-023-05128-9&domain=pdf


1122	 International Journal of Environmental Science and Technology (2024) 21:1121–1140

1 3

Graphical abstract

Keywords  Electronic waste · Recycling · SDGs · Public policies

Introduction

The global pandemic of the new coronavirus infectious 
disease (COVID‐19) at the beginning of 2020 changed the 
scenario all over the world, making humanity face several 
different situations, such as lockdowns and work and study 
at a distance (online) (Sachs et al. 2020). Furthermore, 
besides the huge number of people contaminated and 
deaths, which put massive pressure on medical systems 
worldwide, the change of demeanor raised the consump-
tion rate and consequently the waste generation (Zhang 
et al. 2022).

For instance, the amount of plastic medical instruments 
consumption increased due to the production of personal 
protection equipment, face masks, and shields due to the 
pandemic. In addition, plastic waste generation increased 
caused of the consumption of packaged food (single-use 
packages) in the home office, also due to the concern of 
contaminations (Al-Salem et al. 2022; Lima et al. 2022). 
The generation of medical waste, for example, increased 
by about 425% in some parts of the world due to the use of 
personal protective equipment (Liang et al. 2021).

The “consumer's acquisition attitude” has changed, 
focusing on online and digital platforms (Larios-Gómez 
et al. 2021). Several people started to work or study at 
home, boosting demand for consumer electronics usage 
(such as notebooks, tablets, batteries, and smartphones) 
(Ikiz et al. 2021). This type of waste is a known issue due 
to social and economic problems.

Electrical and electronic equipment (EEE) consumption 
worldwide achieved 2.5 million tons per year (Forti et al. 
2020), and the material footprint rose from 73.2 in 2010 
to 85.9 billion tons (2017). The consumption of metal ores 
for the EEE market increased by 27% globally. These prod-
ucts, called electronic waste (e-waste) or WEEE (waste 
electrical and electronic equipment), are poorly collected/
recycled at the end of life. Their generation growth rate 
is threefold higher than any other waste (3–5% per year) 
(Kumar et al. 2017a). Up to 83% of e-waste is not docu-
mented, whereas 43.7 M has an unknown destiny. The 
amount of e-waste will reach 75 Mt in 2030 due to the 
higher consumption rates, short lifespan, fast technologi-
cal change, and low repair rate (Forti et al. 2020). Such 
e-wastes are also found in medical equipment, and their 
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consumption increased due to the 2019 pandemic (Xin 
et al. 2023).

As already reported, the increasing demand to supply 
online activities rose the commerce of notebooks, tablets, 
cellphones, and other EEEs for work and studies. At the 
same time, transportation and management declined due to 
the lockdowns (Zhang et al. 2022). Despite the observations 
and preliminary results, the literature could be better about 
the amount of growth in EEEs consumption and e-waste 
generation caused by the pandemic. Quantitative data on the 
subject need to be included.

In addition to the severe health and economic impacts, the 
pandemic had several environmental consequences. Emerg-
ing countries commonly landfill e-waste despite recycling, 
resulting in losses of valuable materials. Such an increase 
in consumption puts pressure on extractive processes from 
primary sources and waste generation (Borthakur 2020).

The impacts of the pandemic are different in developed 
and emerging countries, which may not be directly linked 
to wealth. Several other points must be raised to assess the 
impacts of the pandemic on e-waste generation. Despite 
the literature regarding the e-waste generation due to the 
pandemic (Rene et al. 2021), the most updated data com-
paring the last years, legislation, and policies for e-waste 
management focused on emerging countries need to be bet-
ter reported. Furthermore, the importance of recycling pro-
cesses in light of sustainable development must be discussed 
regarding the advance in the quantity and different types of 
electronic waste. Public policies and recycling technologies 
are available and are an important edge to e-waste manage-
ment. Innovations are necessary to improve the recycling 
rate and to meet the new e-waste generation under new 
technologies.

This work critically analyzes the pandemic's impacts on 
e-waste generation in emerging countries. For this, Brazil 
was selected as the representative of Latin America, South 
Africa from the African continent, India represented Asia, 
and China as the most powerful economy in the world as 
part of the BRICS group. Nevertheless, there needs to be 
literature regarding the impact of the pandemic on e-waste 
generation in emerging economies and future environmental 
and social issues.

Public policies of e-waste were compared between devel-
oped and emerging countries, as depicted in “Global e-waste 
policies” section. The USA and Australia, respectively, rep-
resentative of North America and Oceania, and Italy and 
the UK representing Europe, were chosen to compare the 
e-waste policies with emerging economies (“Emerging 
countries” section) as examples from developed economies 
(“Developed countries” section). EEE and e-waste genera-
tion statistics were discussed in light of the most recent data 
and previsions (“Consumption/production of EEEs and 
e-waste generation—focus on the COVID-19 pandemic” 

section). Current recycling technologies in emerging coun-
tries are discussed in “Emerging countries” section, as well 
as the most innovations for future applications. Finally, 
future perspectives are presented in “Discussion and future 
perspectives” section, considering the impact of the pan-
demic on e-waste generation in the coming years. This 
research was carried out by Brazilian researchers located in 
Brazil (Sao Paulo and Rio Grande do Sul states) and Ger-
many (Aachen) between December 2021 and June 2022.

Global e‑waste policies

This chapter will discuss the current policies and legislation 
for e-waste in emerging and developed countries. Asia is 
responsible for 46% of global e-waste generation, followed 
by America (24.4%), Europe (22.4%), Africa (5.4%), and 
Oceania (1.3%), while Europe has the highest generation 
per capita (30.2%) (Forti et al. 2020).

Despite the highest e-waste generation, the amount per 
capita in China is like the global average due to social ine-
quality (Zeng et al. 2020). Countries with low GDPs, like 
South Africa, have the lowest e-waste generation per capita. 
The richest, as Italy and the UK, have the highest amount. 
Brazil has the highest GDP in Latin America, with the larg-
est e-waste generation and the second generation per capita 
(Borthakur 2020).

Solely 17.4% of e-waste generated globally was reported 
to be collected and correctly recycled. Comparing the data, 
European countries have the highest e-waste formally col-
lected, which is not only related to the economy. The USA 
and China collect 15% and 16% of their e-waste. On the 
other hand, Australia and Brazil have similar GDPs and have 
completely different collection rates (11% and 0%, respec-
tively) (Baldé et al. 2021a, b, c, d, e, f, g).

The difference relates to implementing national policies 
focused on e-waste, which is the case in high-income coun-
tries. European policies have an outstanding influence on the 
policies of emerging economies. On the other hand, these 
countries still need to work hard on creating and implement-
ing public policies (Borthakur 2020; Castro et al. 2023).

Further chapters will discuss the history and current 
national policies of emerging (“Global e-waste policies” sec-
tion) and developed (“Developed countries” section) coun-
tries for e-waste. Examples of different continents/regions 
were used—Latin and North America, Africa, Asia, and 
Oceania. Each country's ongoing generation and collection 
are presented and correlated with laws and legislations.

Emerging countries

Among the countries in Latin America, only 38% have leg-
islation, policies, or regulations strictly linked to e-waste. 
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Brazil is the largest country and the leading economy in 
Latin America. It is responsible for 40% of e-waste gener-
ated, producing twice as much as Mexico (1220 kt) with a 
50% higher GDP (Forti et al. 2020).

Brazilian waste management is defined by the National 
Solid Waste Policy, which includes e-waste (LEI No 12.305, 
DE 2 DE AGOSTO DE 2010, 2010). According to this pol-
icy, all stakeholders of EEE (traders, importers, distribu-
tors, and manufacturers) must implement a reverse logistic 
system for e-waste, where the operation is defined by the 
sectoral agreement (MMA et al. 2019), recently replicated 
in the Decree N° 10,240 (DECRETO No 10.240, DE 12 DE 
FEVEREIRO DE 2020, 2020a).

Decree Nº 10,240 considers 215 EEE for a reverse logis-
tic plan divided into two phases. First, it was determined that 
the Performance Monitoring Group, manufacturers, import-
ers, retailers, and distributors or to individually operate and 
manage the reverse logistic, as well as establish a financial 
mechanism for implementing and operationalizing; and the 
creation of a mechanism for control and monitoring. The 
second phase consists of the elaboration of communication 
plans to disclose the reverse logistic and the installation of 
drop-off or consolidation points involving 400 municipali-
ties until 2025 (> 80 thousand inhabitants) with one collec-
tion point for every 25 thousand inhabitants (DECRETO No 
10.240, DE 12 DE FEVEREIRO DE 2020, 2020b).

The current scenario of e-waste formally collected in 
Brazil represents the worst-case scenario in Latin Amer-
ica. Only 0.14kt of e-waste is formally collected. It occurs 
because this type of waste mixes with municipal solid waste 
and is further landfilled, making it impossible collection and 
recycle (Forti et al. 2020; The World Bank 2020a). For this 
reason, it is important to have specific reverse logistics and 
legislation for e-waste (Ottoni et al. 2020). Decree N° 10,240 
represents a significant advance in e-waste management. The 
aim is to achieve a 17% in collection rate by 2025, which is 
very ambitious considering the current rate.

South Africa, as well as Brazil, faces several issues with 
e-waste generation. First, the country needs legislation 
focused on e-waste, but increasing generation puts pres-
sure on creating policies for the following years (Borthakur 
2020). In 1991, Africa adopted the Bamako Convention, 
complementing the Basel Convention's focus on the conti-
nent. It restricts the importation and movement of hazard-
ous waste into and within Africa. In addition, the Bamako 
Convention aims to protect the population and environment 
against indiscriminate waste dumping and uncontrolled 
incineration (Shittu et al. 2021).

The South African National Environment Management 
Act 107 of 1998 recommended the reuse and refurbishing 
of EEE. In recent years, on the other hand, the adoption 
of extended producer responsibility (EPR) has begun in 
South Africa, requiring the reverse logistics of e-waste to 

producers and its treatment (Industrial Waste Management 
Plan) (Forti et al. 2018).

As occurs in Brazil, the National Waste Management 
Strategy in South Africa includes e-waste in the list of 
hazardous waste. The legislation is very restrictive, limit-
ing the number of companies operating formally. Conflicts 
would result in informal recyclers. Frameworks focused 
only on environmental protection limit the handling of 
recycling companies, where e-waste would be used as raw 
material (Ilankoon et al. 2018).

No national platform and obligations are imposed on 
recyclers for data about e-waste generation, receiving, 
and recycling, even though the country is considered the 
main pollutant in Africa. Despite their economic impor-
tance and rise in EEE consumption, there needs to be data 
about e-waste generation and policies in Africa (Borthakur 
2020).

India is part of the BRICS group and has similarities 
among the countries, with 3.2 million tons of e-waste gen-
erated (2019) and a 1% of collection rate. However, unlike 
in Brazil and South Africa, electronic equipment put on the 
market is more than twice the e-waste currently generated 
(Baldé et al. 2019); it demonstrates that the amount of waste 
will increase more than twice shortly.

The e-waste policies in India started in 2008 with the 
guideline for management titled “Guidelines for Environ-
mentally Sound Management of E-Waste.” Several stake-
holders from the government and industries did it. The 
first legislation came in 2011—“E-waste (Management 
and Handling Rules),” complemented further in 2016 by 
the “E-waste (Management) Rules,” which implemented an 
EPR approach. In 2018, the targets of collection rates were 
revised and increased, despite the continuing dominance of 
the informal sector (Borthakur and Govind 2017; Borthakur 
2020; Sengupta et al. 2022).

China, another country in the BRICS group, is the big-
gest e-waste producer in Asia and the world. The genera-
tion rate increases by 20% per year (Cao et al. 2018), and 
it is expected to achieve 28.4 million tons of e-waste in 
2030 (Borthakur 2020). In addition to internal generation, 
China received waste from abroad—up to 350 million tons 
of e-waste within 40 years (Wong 2018). As a result, the 
government implemented the “Ban on WEEE for manag-
ing waste import” in 2000 (Patil and Ramakrishna 2020), 
making China the first Asia country to focus on a circular 
economy through public policy (Borthakur 2020).

•	 After that, several other important regulations emerged 
(Song et al. 2019):

•	 “Administrative measures on the prevention and control 
of environmental pollution by WEEE” (2008): obligated 
all recyclers and treatment plants to report an environ-
mental impact assessment. Open-air incineration, dis-
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solution in crude acid baths, and direct landfilling were 
prohibited;

•	 “Administration regulation for the collection and treat-
ment of waste electronic and electrical equipment” 
(2011);

•	 “Administrative measures on the qualification of WEEE 
treatment” (2011): stated multiple channels for e-waste 
collection, obligated the labeling for reconditioned and 
remanufactured products, and subsidies for e-waste recy-
cling and treatment companies. Producers and importers 
have to pay a fee for each EEE put on the market;

•	 “Administrative measures on the distribution of used 
electrical and electronic products” (2013): put efforts 
into the collection and sale of used EEE;

•	 “The restriction of hazardous substances in electrical and 
electronic equipment” (2016): aimed at reducing hazard-
ous substances in EEEs.

However, as occurs in most countries in Asia, the collec-
tion of e-waste is dominated by informal workers, and the 
regulations aimed to strengthen formal collection. Nowa-
days, e-waste is considered a commodity, and users are well 
paid in the informal market for their waste to be refurbished 
and resold—e-waste collection is higher than the formal 
(30–90% and 7.8–24%, respectively) (Borthakur and Govind 
2017).

From 2013 to 2017, the standard recycling rate increased 
from 38.6 to 62.2% due to legislations aforementioned (Song 
et al. 2019). Chinese policies are related to environmental 
and economic issues—e-waste is considered a secondary 
source (Borthakur 2020).

Developed countries

In the USA, e-waste is considered non-hazardous, and its 
management is the responsibility of states and municipali-
ties since there is no unified national legislation for it. In 
2003, for instance, California adopted a management system 
where customers paid for e-waste treatment. In 2004, Maine 
implemented a law based on EPR, where responsibilities are 
shared with all stakeholders on e-waste management—the 
first state to adopt a household e-waste law (Shittu et al. 
2021). The State of Columbia and 25 other states promul-
gated laws for e-waste management (Ilankoon et al. 2018).

There are two main federal initiatives in the USA: the 
US-EPA Sustainable Materials Management (SMM) (a 
partnership between EPA and manufacturing for collecting 
and “green” product certification) and the National Strategy 
for Electronics Stewardship (NSES) (environmentally safe 
e-waste management, to reduce its exportation to abroad, 
and new products concept) (Ilankoon et al. 2018).

Allied to state and federal policies, there are two certi-
fication programs for e-waste recycling plants throughout 

550 industries across the USA: The Responsible Recycling 
Standard for Electronic Recyclers (R2) Sustainable Elec-
tronics Recycling International—SERI) and the E-Stewards 
certification program (Basel Action Network—BAN) (Shittu 
et al. 2021).

In Oceania, Australia is the leading country and one of 
the richest in the southern hemisphere, with a low popula-
tion among the largest countries in the world. Comparing the 
amount of e-waste generated between the leading economies 
in the southern hemisphere, Australia generated 554 kt of 
e-waste (11% of collection rate). In contrast, Brazil, China, 
and India generated 2143 kt (0%), 10,129 kt (16%), and 
3230 kt (1%), respectively.

In contrast to countries of the southern hemisphere, Aus-
tralian policies about e-waste started in the 1990s with the 
National Waste Minimisation and Recycling Strategy. The 
goals, however, were not achieved ultimately (Pickin et al. 
2018a). The National Waste Policy released in 2009 pre-
sented directions and strategies to improve waste manage-
ment and supported policies and decision-makers with waste 
and resource recovery data reports.

In 2018, a new National Waste Policy focused on reduc-
ing, improving, and reusing waste toward a circular economy 
considering economic, social, and environmental aspects. As 
a result, the forecast is an 80% increase in the recycling rate 
in forthcoming years (Borthakur and Govind 2017).

The National Waste Policy regulates the disposal of 
e-waste for all stakeholders responsible for collection and 
recycling. In 2019, the government stated targets and actions 
(the National Waste Policy Action Plan) to implement the 
policy. Only South Australia and Victoria states banned 
waste to landfill, including e-waste. However, recycling rates 
rise with the support of education, infrastructure investment, 
and targets (Pickin et al. 2018b). As a result, up to 93% of 
the e-waste collected is recycled in Australia (Borthakur and 
Govind 2017).

Countries as part of the European Union follow the same 
directives. The first European directive about e-waste was 
released in 2003 (Directive 2002/96/EC), implementing 
the reverse logistics to improve the recycling and reuse rate 
(European Parliament 2003). In 2012, the directive was 
replaced by Directive 2012/19/EU to meet the EPR prin-
ciple (European Parliament 2012a). The directive focused 
on reducing e-waste generation and improving the rates of 
reuse, recycling, and recovery, reducing landfill, and improv-
ing resource efficiency (European Parliament 2012b).

After regulations, the amount of e-waste collected in 
Europe rose. The Directive 2012/19/EU demanded a col-
lection rate to increase from 4 kg per capita per year to 45% 
of the average weight of EEE placed on the market in the 
last 3 years (2016–2018). From 2019 onwards, the collection 
rate, according to the directive, must achieve 85%, represent-
ing 65% of the EEE placed on the market. As observed in 
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Table 1, the rate of e-waste formally collected in Italy and 
the UK is 34% and 57%, respectively.

The countries in Europe with the highest e-waste col-
lection rate are the UK (871kt), Germany (772kt), France 
(750kt), and Italy (369kt). Considering the amount per cap-
ita collected, Liechtenstein, Austria, and Sweden are on top 
with 15 kg, 13 kg, and 12 kg, respectively.

In Italy, the e-waste guidelines for management are pro-
vided by the Legislative Decree n. 49 (2014), in compliance 
with the European Directive 2012/19/EU (European Parlia-
ment 2012b). The e-waste is collected by distributors and 
then sent to centers or treatment industries. Municipalities 
are responsible for the collection framework. In 2019, there 
were 5,196 collection points in Italy, where the municipality 
provided 84%, and citizens could deliver e-waste without 
fees (CdC RAEE 2019a).

The EEE producers are responsible from collection cent-
ers to the treatment industries, individually or by a consor-
tium (Coordination Center). About 13 collective systems 
were operating in Italy in 2019 (CdC RAEE 2019b), where 
all stakeholders can participate.

The e-waste collection target is defined by the Italian Leg-
islative Decree n. 49, the same described in the European 
e-waste Directive (2014). Despite that, collection rates in 
Italy must be improved over the years. In 2017, the target 
(45%) was not achieved—39% of EEE placed on the market 
was collected, representing 4.89 kg per capita of e-waste 
collected (CdC RAEE 2017).

Efforts resulted in the collection rate increasing. In 2018, 
the collection rate per capita achieved 5.12 kg; in 2019 
increased by 10.45% (5.68 kg) (CdC RAEE 2019b). Nev-
ertheless, improvements are required to achieve the 65% of 
collection rate, representing 16% of e-waste collected per 
capita (Croci and Colelli 2017).

Conversely, the UK has one of the largest e-waste col-
lections—57% (Table 1). The reverse logistic system was 
elaborated after the first e-waste Directive (2002/96/EC) 
(Ongondo and Williams 2012). In 2013, it was released the 

agreement with Directive 2012/19/EU, where e-wastes are 
collected in EEE retail shops.

The 2015 target of 4 kg per capita was achieved—10 kg 
of e-waste per capita. Between 2016 and 2018, the target of 
45% defined by Directive 2012/19/EU was also achieved 
(Harper 2020; Langley 2020; Grant 2020). The e-waste 
regulations are enforced by the EA in England; the Natural 
Resources Body for Wales; the SEPA; and the Department 
of the Environment in Northern Ireland. Despite similar 
cases and the same legislation between European countries, 
several differences are observed in the UK and Italy, for 
instance. The COVID-19 pandemic and Brexit may raise 
the difference between them. The next chapter presents a 
discussion of EEEs production and generation of e-waste in 
light of the COVID-19 pandemic aiming attention at emerg-
ing countries.

Consumption/production of EEEs 
and e‑waste generation—focus 
on the COVID‑19 pandemic

The pandemic changed life drastically on the planet, forcing 
humans to distance themselves to prevent the spread of the 
SARS-CoV-2 virus worldwide. This change led companies, 
universities, and schools to adopt home office methodologies 
and, consequently, the use of electronic devices to bridge 
this gap. In this sense, the amount of e-waste is expected to 
be impacted by this sudden change in life.

Figure 1 shows the estimated growth rates of computer, 
electronic, optical products, and electrical equipment man-
ufacturing from the first quarter of 2020 until the second 
quarter of 2021. The forecast for 2020 and 2021 was the gen-
eration of 55.5Mt and 57.4Mt of e-waste, respectively (Forti 
et al. 2020). However, these projections did not consider the 
economic outcomes caused by the pandemic.

It impacts e-waste where shrinkage of 4.9 Mt in EEEs 
acquired during the first three quarters of 2020 and, 

Table 1   GDP (in US$) in different countries and their e-waste generation (2019) (The World Bank 2020b)

Country GDP (in a million 
US$) (2019)

Generation (kt) Generation (kg 
per capita)

Formally col-
lected (kt)

E-waste formally 
collected (%)

National legisla-
tion/policy or 
regulation

Australia 1,392,680.59 554 21.7 58 11 Yes
Brazil 1,839,758.04 2143 10.2 0.14 0 No
China 14,342,902.84 10,129 7.2 1546 16 Yes
India 2,660,245.25 3230 2.4 30 1 Yes
Italy 2,001,244.39 1063 17.5 369 34 Yes
South Africa 351,431.65 416 7.1 18 5 No
UK 2,827,113.18 1598 23.9 871 57 Yes
USA 21,374,418.88 6918 21 1020 15 Yes
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consequently, a likely reduction in e-waste generation in the 
future due to the health crisis (Baldé and Kuehr 2021).

The pandemic highlighted the disparity in consumption in 
EEE and available data: low- and middle-income countries 
presented the most significant reductions in consumption 
compared to other countries (Baldé and Kuehr 2021). Fur-
thermore, the number of countries with datasets for analysis 
per region varied, which could be related to e-waste policy 
differences among nations and difficulties in collecting data 
during this period. Additionally, facing COVID-19, differ-
ent countries have adopted different prevention and control 
policies, which would increase the demand for EEE in some 
countries.

The lockdowns during the first phases of the outbreak 
also impacted the supply chains of key materials for EEE 
production. In addition, the pandemic revealed the increas-
ing vulnerability of supply chains that provide crucial raw 
materials for manufacturing electronics due to social, geopo-
litical, and technical disruptions. The results obtained by the 
authors suggested that rare earth elements and some technol-
ogy-critical metals (such as Co, Ga, and In) had high risks 
for supply chain vulnerabilities (Althaf and Babbitt 2021).

Regarding these metals, China is the top producer of Ga, 
In, and Nd (rare earth elements), and the second producer of 
Co, being the Democratic Republic of the Congo as the top 
producer (Royal Society of Chemistry, 2021). The early lock-
down of China and the pandemic's social impact corroborates 
the supply chains' vulnerability (Althaf and Babbitt 2021). For 

example, in November 2021, the prices of Co, Ga, In, and Nd 
increased 91.2%, 27.9%, 37.0%, and 67.9%, respectively, com-
pared to the beginning of 2021 (Trading Economics 2021).

The manufacturing production output during 2020–2021 
also suffered the impact of the global health crisis. China, 
which accounted for 28.7% of the global manufacturing out-
put in 2019 (Statista 2021), was the first country to establish 
lockdowns as a control measure to prevent the dissemina-
tion of the SARS-CoV-2 virus worldwide. Regarding the 
manufacturing of computers, electronic and optical products, 
and electrical equipment, production was greatly impacted 
at the beginning of the pandemic (Fig. 1). However, improv-
ing control policies for disseminating the virus led to the 
reopening factories and other facilities. As a result, the 
economies started to show signs of recovery. However, new 
variants could bring more uncertainties to supply chains and 
marketing.

Further, “Importance of recycling” section states the 
importance of e-waste recycling, considering the circular 
economy and challenges for sustainable development to turn 
waste into wealth.

Importance of recycling

Global waste generation is estimated to double by 2050 and 
triple by 2100 compared to 2016 data (Ferdous et al. 2021). 
Thus, it is necessary to study alternatives for recycling and 

Fig. 1   Estimated manufacturing growth rates of computer, electronic and optical products, and electrical equipment (% compared to the previous 
quarter) (UNIDO Statistics 2020a, b, c, d, 2021a, b)
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reuse, increasing the cycle of materials used and reducing 
the extraction speed of natural resources to meet industrial 
demand (Beccarello and Di Foggia 2018).

Currently, one of the greatest generators of solid waste 
is post-consumer EEEs (Shittu et al. 2021). Many e-waste 
and batteries are disposed of with domestic or industrial 
waste, resulting in material losses (Pekarkova et al. 2021). 
This scenario varies according to the country; however, an 
efficient management system still needs to be updated in 
some regions.

The e-waste generally has a short useful life, as new mod-
els with new technologies emerge daily (Işıldar et al. 2018). 
Production and consumption have grown a lot in recent dec-
ades, transforming the electronics industry into one of the 
most important industrial sectors (Pollard et al. 2021). It 
tends to generate many obsolete materials that are interest-
ing from an economic point of view and worrying from an 
environmental perspective (Shittu et al. 2021).

Among the main materials contained in electronics, it can 
be mentioned base metals (such as Cu, Fe, Al, Zn, and Ni), 
precious metals (such as Au, Ag, Pd, and Pt), and critical 
metals (such as rare earth elements, Li, Co, and In) (Dias 
et al. 2016a; München and Veit 2017; Marra et al. 2018; 
Cenci et al. 2021a; Andrade et al. 2022a). The simple pres-
ence of these metals in residues already demonstrates the 
importance of correct disposal to allow their reuse. Allied 
with this, many of these metals have higher content in 
e-waste than their primary sources (Andrade et al. 2022a, 
b; Botelho Junior et al. 2019a, 2021b; Botelho Junior et al. 
2021d; Cenci et al. 2021a; Dias et al. 2016a; Martins et al. 
2021; Perea et al. 2021).

The supply of these metals to produce EEEs also cor-
roborates the strategic recycling issue. For example, Zhang 
et al. (2017) demonstrated that 14% of Pd, 9.7% of Au, 42% 
of Ag, 30% of rare earth elements, 37% of Co, and 31% of 
Li extracted globally from mining in 2014 were used in the 
manufacture of EEEs (Zhang et al. 2017).

Brazil recently listed the metals considered critical and 
strategic for the country, where the vast majority can be 
found in e-waste as a secondary source (2021). Similarly, 
the European Union has also listed the critical raw materials, 
and several metals found in electronic waste are included in 
this list (European Commision 2020). The USA and China 
also have a list of critical/strategic metals (Botelho Junior 
et al. 2021d; Martins et al. 2021).

In addition to the intrinsic value of the metals in all elec-
tronics, an environmental/social issue must also be evalu-
ated to measure the importance of recycling. This is because 
electronics not only have metals of economic interest but 
also contain toxic metals, such as Pb, Cd, Hg, Cr, and flame 
retardants (Cardamone et al. 2021).

Thus, their correct disposal, preferably with a recycling 
step, would prevent these hazardous components from being 

exposed to the environment. The vast majority of the base, 
precious, and critical metals leave significant impacts in 
their primary extraction (Méndez et al. 2021). Decreased 
primary extraction rates with increased recycling rates could 
reduce the environmental impacts.

The social issue is also closely linked to the development 
of recycling processes. Therefore, it could bring the same 
benefits as any other type of industry—job creation, taxes, 
development of supply chains, and new technologies (ILO 
2019; Panchal et al. 2021).

This is even more relevant for emerging countries that 
lack formal jobs, the development of technology-based 
industries, and income generation for society. In such coun-
tries, these residues are commonly landfilled, burned, or 
even deposited directly on the environment without any 
control, causing soil, water, and air pollution and diseases in 
the population close to these places (Stubbings et al. 2019). 
Moreover, the materials are no longer recyclable or reusable.

Meanwhile, new sources of raw materials are increasingly 
scarce and difficult to find, as well as places that can be used 
to dispose of waste at a low cost. As a result, the importance 
of recycling grows in proportion to all these problems men-
tioned by the mismanagement of e-waste.

“Collection and recycling technologies” section depicts 
the current scenario for recycling technologies applied to 
e-waste, considering the consolidated and emerging technol-
ogies (“Consolidated and emerging technologies for e-waste 
recycling” section) and processes in emerging countries 
(5.2). In this case, the examples used were countries from 
different continents/regions—Brazil was the example from 
Latin America (5.2.1), South Africa from Africa (5.2.3), and 
China and India from Asia (5.2.3 and 5.2.4, respectively). 
Further, the industrial processes for e-waste recycling are 
depicted in 5.2.5.

Collection and recycling technologies

Consolidated and emerging technologies 
for e‑waste recycling

EEEs can have several components: printed circuit boards 
(PCBs), printed wiring boards (PWB), semiconductors, 
magnets, lithium-ion batteries (LIBs), housing, casing, 
cables, wires, and screens as liquid crystal display (LCD). 
Electronics have in their composition all classes of materi-
als—metals, ceramics, and organic materials like polymers. 
Figure 2 shows a general flowchart of materials, compo-
nents, and processes that starts from e-waste generation 
through disassembly, component segregation, and recycling 
into raw materials. For instance, e-wastes such as compo-
nents of computers, mobile phones (or cellphones), tablets, 
and TV are the first disassemblies to release the components, 



1129International Journal of Environmental Science and Technology (2024) 21:1121–1140	

1 3

which may carry out manual, semiautomatic, or automatic. 
Further, recycling processes are performed to separate and 
recover the primary materials—metals, ceramics, and pol-
ymers. Finally, all of them will be treated to obtain new 
products.

The metallic fraction comprises base, precious, hazard-
ous, and rare earth elements. The ceramic fraction can con-
tain silica, alumina, alkaline earth oxides, mica, and barium 
titanate. Organic materials or nonmetallic fractions can have 
polymers with flame retardants, epoxy resin, and fiberglass 
(Cenci et al. 2021b).

Since there are various materials, e-waste recycling 
requires integrating different methods. Figure 3 presents an 
overview of the different recycling processes for e-waste. 

Most are based on physical/mechanical, pyrometallurgical, 
hydrometallurgical, biohydrometallurgical, and electromet-
allurgical processes (Ayode Otitoju et al. 2020; Baldé et al. 
2020; Islam et al. 2021a; dos Santos et al. 2022; Andrade 
et al. 2022b). Details of each process are further presented.

Physical processing

Physical/mechanical methods are called "first-stage recy-
cling," which directly influences achieving a high-quality 
final recovery product. They have been applied as pretreat-
ment of e-waste to release, concentrate, and different mate-
rials with higher value. Polymers and ceramics are sepa-
rated from the metallic fractions, and specific metals are 

Fig. 2   Flow of materials, 
components, and processes after 
disposal of e-waste for recycling
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concentrated in different fractions (Hubau et al. 2019; Mar-
tins et al. 2020b; Pinheiro et al. 2021; Premathilake et al. 
2023; Vasconcelos et al. 2023). The method is important to 
prepare the material for further chemical/thermal treatment.

The disassembly of e-waste can be useful for selecting 
more valued components and removing hazardous ones from 
the process (Kaya 2016; Thakur and Kumar 2020). How-
ever, manual dismantling requires a significant workforce. 
It is a challenge to economic viability in both developed 
and emerging countries because of the valorization of labor 
(Ilankoon et al. 2018; Islam et al. 2021b).

There are also semiautomatic and automatic disassembly 
units, but the equipment and sensors have a high economic 
cost (Işıldar et al. 2018). Usually, comminution equipment 
such as shredders, balls, knives, and disk milling is used to 
decrease the particle size (Ghosh et al. 2015).

After the comminution, particle fractions can be sepa-
rated by sieving, gravity-based system (density-based fluid 
bed separation), magnetic and electrostatic separation. 
Physical/mechanical separation processes have lower capi-
tal costs, are easier to operate, and do not require chemical 
reagents and high temperatures. However, they lose material 
and generate dust and noise pollution. These methods can 
also reduce the recovery of metals in lower concentrations, 
such as precious and critical elements (Işıldar et al. 2018; 

Marra et al. 2018; Martins et al. 2020a; Andò 2020; Cenci 
et al. 2021a, b). For instance, in recycling LIBs, the valuable 
components from the cathode material present in the e-waste 
are concentrated before the recycling process by milling and 
separation by particle size. In addition, plastics and metallic 
aluminum from the case (external structure) were separated 
before acid leaching (Guimarães et al. 2022).

Then, the material might be treated as "downstream 
recycling," such as pyrometallurgy, hydrometallurgy, bio-
hydrometallurgy, and electrometallurgy. Pyrometallurgical 
processes accept different types of waste with minimal initial 
treatment. It includes a variety of techniques: incineration, 
smelting, gasification, carbothermic reduction, and pyroly-
sis. The most common objectives are the degradation and 
utilization of the polymeric fraction as a carbon source and 
the reduction or volatilization of the metallic elements for 
subsequent recovery (Zhang and Xu 2016).

Pyrometallurgy

As reported by Faraji et al. (2022), the pyrometallurgical 
process has the potential to be both a rapid and large-scale 
recycling route. The flowchart process, after pretreatment, 
may be smelting (emission of CO2, CO, Zn, Sn, and Hg 
and production of slag composed of CaO, SiO2, Al2O3, and 

Fig. 3   Recycling processes applied to e-waste and their main techniques/technologies
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FeOx), electrorefining (to produce Cu), and anode refining 
(for production precious metals as Au, Pt, and Ag). The sep-
aration of plastics and ceramics from metals is fast, requiring 
high energy consumption and gas release (Faraji et al. 2022).

Carbothermic reduction is employed for polymers degra-
dation, reduce the metals as metallic, use of base metal as a 
collector of minority metals, and recovery of other elements 
in the slag and refining products (Ilankoon et al. 2018; Ava-
rmaa et al. 2018; Kaya 2019).

Pyrolysis is another pyrometallurgical technique in 
decomposing organic matter at high temperatures in an 
inert atmosphere. The main process variables are tempera-
ture, heating rate, residence time, reactor type, pressure, and 
catalysis. The pyrolysis treatment produces a liquid and gas-
eous fraction with high energy value and/or rich in valuable 
chemicals and a solid fraction with a concentration of metals 
of interest with a minimized carbon fraction. In the solid 
fraction, metals and ceramics remain mostly unchanged and 
concentrated (Al-Salem et al. 2017; Diaz et al. 2018; Du 
et al. 2018, 2019; Flerus et al. 2019; Jadhao et al. 2020; 
Abdou et al. 2021).

Chu et  al. (2022) used calcination as a pretreatment 
before recovering metals from PCBs through bioleaching. 
According to the authors, it was used as an alternative route 
to provide a process with less energy consumption, less 
hazardous, flexible operation, and more cost-effective than 
pyrometallurgy. So, the thermal route has used a pretreat-
ment with comminution (Chu et al. 2022).

These processes have some limitations: high cost, large 
solid waste generation, emission of toxic gases, need for 
large scale, and low selectivity for recovering precious and 
critical metals. Furthermore, it is required hydrometallurgi-
cal and electrometallurgical steps (Cenci et al. 2021b).

Hydrometallurgy

Metals from e-waste can be solubilized by hydrometallur-
gical treatments (Fig. 3) using aqueous solutions, such as 
leaching with inorganic acids. Nitric, sulfuric, and hydro-
chloric acids are traditional leaching agents which can be 
used combined with hydrogen peroxide. Organic acids have 
also been explored (Botelho Junior et al. 2021a; Garcia et al. 
2021; Hammadi et al. 2017; Jadhav and Hocheng 2015; 
Martins et al. 2021; Takahashi et al. 2020).

Several studies for the recovery of precious metals, such 
as Au and Ag, have been focused on cyanide replacement 
due to the environmental risks for less toxic lixiviants, such 
as thiourea, ferrous sulfate, halide, and iodide (Zhang et al. 
2012; Chauhan et al. 2018; Wang et al. 2020).

Following leaching, the solution is treated for separation 
and purification, and the metals can be recovered by sol-
vent extraction, cementation, selective precipitation, and ion 

exchange (Botelho Junior et al. 2019a, b, c, d; Botelho Junior 
et al. 2019b, 2021c; Dias et al. 2016b; Kaya 2019).

The advantages of hydrometallurgical methods are high 
selectivity to extract metals; high recovery rates of pre-
cious, critical, and base metals; and low dependence on the 
scale of operation. On the other hand, hydrometallurgical 
techniques generate large amounts of toxic effluents and 
sludge (Botelho Junior et al. 2019c; Botelho Junior et al. 
2018; Ilankoon et al. 2018; Işıldar et al. 2018; Islam et al. 
2020; Kaya 2016; Perez et al. 2020). Moreover, as plastics 
and ceramics are important materials in e-wastes, these 
materials may be recovered after leaching. The leaching of 
PCBs removes the metals from the solid material, and the 
leaching residue is composed of ceramic (mainly glass) and 
polymers, which may be separated by physical separation 
(density separation) (Andrade et al. 2022b). In the case of 
Li-ion batteries, the leach residue is composed of graphite 
and plastics, and physical separation may recover the plas-
tic fraction (Guimarães et al. 2022). For this reason, such a 
route may improve the materials' circularity.

Biohydrometallurgy

In the biohydrometallurgical process (Fig. 3), microorgan-
isms solubilize metals from e-waste by acidolysis, com-
plexolysis, and oxidoreduction reaction (Utimura et  al. 
2017). However, adapting microorganisms to the process to 
achieve high efficiency is a challenge, such as suitable sub-
strate, nutrients, and oxygen (Veit and Bernardes 2014). For 
instance, Cu, Ni, and Al have been extracted by chemolitho-
autotrophic bacteria, such as Acidithiobacillus ferrooxidans 
and Acidithiobacillus thiooxidans (Hong and Valix 2014).

To solubilize precious metals, Chromobacterium vio-
laceum and Pseudomonas aeruginosa have also been used 
(Ilyas et al. 2013). Co and Li have been solubilized from 
spent LIBs by mixed acidophilic bacteria (Xin et al. 2009). 
There is fungal bioleaching, in which acids are organically 
excreted, occurring acidolysis, complexolysis, and redox-
olysis. Fungal bioleaching has been explored as Aspergillus 
niger, Aspergillus ficuum, Aspergillus terreus, Penicillium 
simplicissimum, and Penicillium tricolor (Desouky et al. 
2016).

Electrometallurgical methods have often been used at 
the end of the process. For example, electrowinning has 
been applied to recover metals from the leach solution. Dis-
solved metal is recovered by applying an electric potential 
to induce electrochemical reactions. Another electrometal-
lurgical technique is electrorefining, which is used to purify 
metals to achieve desired high purity levels. The metallic 
anode of intermediate purity (95–99.5%) is electrolytically 
dissolved in the cell, which is then electrodeposited onto 
the cathode with higher purity (99.9%). Electrorefining is 
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like electrowinning, but consumes a fraction of the energy 
required since the cell voltage is lower (Segura-Bailón and 
Lapidus 2021).

Although conventional e-waste recycling techniques are 
feasible and result in higher metal recovery efficiencies, 
these methods still need to be more eco-friendly. As a result, 
effluents and toxic gases are generated, causing corrosion 
and excessive energy consumption. Hence, new greener 
techniques are being developed (Fig. 3), which promote 
safer, more efficient, and closer to global harmless processes. 
The most cited research within these greener techniques is 
named ionic liquids (ILs), supercritical fluids (SF), nano-
technology, and chelation (Fig. 3).

Chelation comprises the metal-ion stable complexes 
formation soluble in water. A few organic molecules, such 
as EDTA (ethylenediaminetetraacetic acid), were already 
employed to recover metals from PCBs (Jadhao et al. 2016) 
and batteries (Sharma et al. 2017). The advantages are low 
temperature, non-corrosive, biodegradability properties, and 
reuse of chelating agent after metal extraction; however, 
the heterogeneous chemical reactions are pH-dependent 
(Sharma et al. 2017; Jadhao et al. 2020).

ILs are organic liquids that only contain ions at high 
temperatures (> 100 °C) which can comprise direct leach-
ing, separation, cementation, and electrowinning. Advan-
tages such as nonflammability, chemical stability, and low 
volatility are highlighted. Attempts to recover Cu from 
PCBs (Chen et al. 2015) with nearly 100% efficiency were 
reported.

SF is also in development for e-waste recycling. These 
substances remain in a single phase above the critical tem-
perature (Tc) and pressure (Pc), having a gas-like diffusion 
rate and viscosity. It was reported that > 88% of Cu extrac-
tion from PCBs with supercritical CO2 combined with 
H2SO4 and H2O2 as co-solvents (Calgaro et al. 2015). Also, 
Ag and Pt were recovered from PCBs with high efficiencies 
in only 10 min (Liu et al. 2016). Its development in e-waste 
recycling has achieved important results. However, this tech-
nology demands elevated costs and difficulty in scaling up.

Carbon nanostructured materials have been studied due to 
the high oxidation surface with a more hydrophilic surface. 
These compounds promote sorption through electrostatic 
force. Different allotropic forms of carbon can be used, such 
as graphene oxide and carbon nanofibers or dots. La and Dy 
from aqueous solution were adsorbed in multiwalled carbon 
nanotubes and subsequently desorbed at low pH showing 
promising results (Koochaki-Mohammadpour et al. 2014).

Recycling in emerging countries

This section briefly describes the current scenario of the 
recycling routes present in emerging countries considering 
the countries' regulations and how they could be improved. 

For this, recycling methods are divided into first-stage meth-
ods and downstream methods.

As mentioned in “Emerging countries” section, developed 
and emerging countries generally must face a huge informal 
sector relying on hazardous and polluting techniques such 
as outdoor burning and artisanal acidic leaching. The mag-
nitude of the informal sector is difficult to measure, but it is 
consolidated and comprises most of the e-waste collected 
(Ghosh et al. 2016). Therefore, the most urgent initiative is 
to bring these actors into formality to promote social and 
health security and eco-friendliness.

Brazil

In Brazil, the main model for formal recyclers to gather 
e-waste is through a partnership with other companies. This 
may assure a permanent and known raw material supply in 
suitable conditions. Other models, such as direct handover 
and private collectors, also play an important role. Formal 
recyclers rely on something other than hand pickers as sig-
nificant material providers, indicating that the informal 
sector can operate in the entire cycle. There needs to be 
a stronger connection between the two sectors. Regarding 
the tools and processes that recyclers apply to the recycling 
treatment, Brazilian companies only operate at the first 
stages (Dias et al. 2018).

Pieces of materials easily to separate (mainly copper 
wires, aluminum and steel parts, and a range of polymers) 
are removed and sold domestically. However, complex parts 
such as PCBs and computer memories mainly flow to for-
eign companies to recycle by downstream processes. About 
89% of the Brazilian recycling companies only undertake 
manual dismantling steps without any process of enrich-
ment. The destination of these complex and valuable parts 
is mainly the USA and Europe (Xavier et al. 2021).

South Africa

South Africa needs a stronger formal sector operating in 
e-waste recycling. The main challenge the recyclers faces is 
the availability of raw materials, forcing recyclers to rely on 
partnerships with governments to collect e-waste. (Approxi-
mately 80% of the formally collected is from government 
initiatives.) According to the authors, the activity of the 
recyclers is limited to dismantling and shredding, separat-
ing some valuable parts, and landfilling others (Ghosh et al. 
2016).

In 2017, a report detailed the landscape of e-waste recy-
cling routes in a country like Brazil. It identified 27 com-
panies directly working on e-waste recycling; only two 
undertake downstream recycling activities. Technological 
and skill issues are not the main limiting factors to the devel-
opment of a downstream industry but the access to adequate 



1133International Journal of Environmental Science and Technology (2024) 21:1121–1140	

1 3

volumes, economic incentives, and the organization of a pro-
ductive chain (Lydall et al. 2017).

Companies mainly undertake dismantling processes, sep-
arating some simple components for the internal market and 
selling the complex ones to Asia and Europe. As a result, 
about 90% of the PCBs are exported. Additionally, e-waste 
recycling is not profitable for small companies, is not a self-
sufficient sector, and has low employment rates (Ichikowitz 
and Hattingh 2020).

China

Unlike other emerging countries, China has issued many 
policies and incentives to better channel e-waste into the 
formal routes (formal and informal sectors are comparable 
in importance, and compared with the theoretical generation, 
the standard recycling rate is approximately 60%) (Ghosh 
et al. 2016).

It has implanted a collection model based on the EPR 
approach, which made a vibrant recycling industry flour-
ish, from small enterprises to the largest capacity and most 
updated downstream industries among all emerging coun-
tries (Awasthi and Li 2017).

Usually, household e-waste is primarily collected by the 
informal sector, while businesses and public bodies are sent 
to formal routes. By the end of 2014, China has already 
constructed 49 urban mining centers, which yield valuable 
materials (such as Cu and Au) below world market prices 
(ILO 2019), bringing informal actors to formality, bridging 
a connection between recycling companies and other indus-
tries (Ignatuschtschenko 2017).

Complex components are processed within the country, 
not being exported. Indeed, the recycling capacity of China 
could exceed the e-waste generated in the country, despite 
the increment of illegal transboundary shipment of e-waste 
that feed both the formal and informal sectors (Ghosh et al. 
2016).

India

The informal sector dominates the Indian scenario of e-waste 
recycling. Studies report a fraction of 95% of e-waste enter-
ing the informal system and being manipulated improperly 
(Ghosh et al. 2016; Awasthi and Li 2017), including, in some 
cases, child labor, widespread respiratory ailments, and 
severe environmental contaminations (Pathak et al. 2017). 
The informal sector is active in all the stages of the recycling 
chain, from collection to the recovery and selling of valuable 
material. Over 2000 informal recycling sites are reported 
(Borthakur 2020; Jeyaraj 2021).

Collectors and small dealers carry out primary segrega-
tion and sell the profitable parts to big traders, who decide 
the fate of the materials. Finally, recyclable materials are 

recovered by crude methods and sold to industries (Ghosh 
et al. 2016; Awasthi and Li 2017). It is also important to 
mention that there is a huge market of reused and refur-
bished electronic devices in place in India, which buy EoL 
devices from consumers and collectors and re-sell them 
(Priya Jeyaraj 2021).

The Indian government released, in 2016, regulations to 
implement an EPR approach in the management of e-waste, 
with collection targets for the formal system (Pathak et al. 
2017; Borthakur 2020). The expectation is to achieve an 
increase in the flow of e-waste into the formal chains (Pan-
chal et al. 2021). Indeed, the Indian scenario presents the 
opportunity to integrate the formal and informal systems 
(Sengupta et al. 2022), especially providing existing formal 
recyclers with proper and sufficient materials. The coun-
try has 468 active formal recycling industries (Sengupta 
et al. 2022), some performing modern downstream pro-
cesses (Shirodkar and Terkar 2017). However, Shirodkar 
and Terkar (2017) and Jeyaraj (2021) reported that these 
facilities commonly face a shortage of raw material due 
to insufficient proper collection and require authorization 
for importing e-waste from other countries (Shirodkar and 
Terkar 2017; Jeyaraj 2021).

Generally, most formal recyclers rely only on first-stage 
activities for developing economies since downstream 
enterprises are technologically complex and need large 
scales. The financial viability of the formal system is still 
a challenge, being less profitable than the informal one due 
to technological, social, and environmental obligations. 
Another concern is that the downstream industries of the 
formal sector cannot compete with the higher profitable 
informal collection system, resulting in insufficient e-waste 
to achieve adequate efficiencies. (They frequently operate 
below the maximum capacity.) As observed, China is con-
structing a robust e-waste recycling system, but still has a 
long way to achieve high efficiencies in recovering valuable 
and strategic materials. The downstream industries of the 
formal sector need better cooperation and incentives from 
the public and private stakeholders. The possible solution 
passes by integrating the informal collection system into the 
formal recycling scheme (Ignatuschtschenko 2017).

Benchmark recycling routes

As aforementioned, each emerging country has its own chal-
lenges, and all of them must allocate many efforts to achieve 
the desired efficiency in recycling e-waste. At this point, it 
is important to highlight the benchmark downstream com-
panies worldwide as good examples of what can be done in 
emerging countries.

Economic and strategic factors play an important role in 
determining recycling routes, as these are the key factors that 
maintain and grow the activities (Ilankoon et al. 2018; Cenci 
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et al. 2021b). Metals are valuable raw materials for high-tech 
industries, minimizing the dependence on primary minerals 
and the global market. An adequate recycling route must be 
aligned with sustainable development goals. In this sense, 
efficiency in materials recovery and reduced energy use and 
waste generation are essential parameters. Some large-scale 
examples of consolidated e-waste recycling industries which 
combine relevant economic and environmental aspects and 
are considered the most advanced (Botelho Junior et al. 
2021a, b, c, d; Cenci et al. 2021b; Işıldar et al. 2018; Taka-
hashi et al. 2020).

Umicore, located in Belgium, processes approximately 
25,000 tons of e-waste per annum (10% of the total input) 
(Ilankoon et al. 2018). The company has many sub-routes 
(for batteries, catalysts, jewelry, and others) applying diverse 
approaches and can recover 20 different metals (Veit and 
Bernardes 2014). The company receives devices without 
batteries for electronics and valorizes mainly Cu, Ag, Au, 
and Pd. About 95% of efficiency is achieved for precious 
metals. The process is based on two integrated parts: a lead 
blast furnace and a copper IsaSmelt furnace (Ilankoon et al. 
2018).

After the pyrometallurgical steps, a complex hydrometal-
lurgical refining route follows (Veit and Bernardes 2014). 
The plant contains a complex off-gas treatment, which 
includes a sulfuric acid regeneration from the emitted SO2 
and can sell the blast furnace residue as a substitute for sand 
in concrete (Cenci et al. 2021b). The company has been con-
sidered unique in its approach to efficiency and sustainability 
and adopts goals such as improving energy efficiency and 
becoming carbon neutral (Kaya 2019).

Other companies have similar approaches to recy-
cling. For example, in Quebec, Canada, Xstrata (known as 
Noranda smelter) can process 840,000 tons of materials per 
annum (15% being e-waste). Boliden, in Sweden, and Auru-
bis, in Germany, are other examples. However, these compa-
nies focus on the significant materials (mainly Cu and Pb), 
being Umicore the most flexible plant to valorize e-waste to 
recover minor elements (Kaya 2019).

Some parts of the materials need to be recovered along 
the process for all these downstream industries. For exam-
ple, polymers are used as fuel and reducing agents, and alu-
minum is lost in the smelter slag. Indeed, Umicore advises 
its suppliers to preferably separate aluminum (Veit and 
Bernardes 2014) and iron parts before sending the mate-
rial to the company as much as possible. This exemplifies 
the importance of first-stage methods in promoting efficient 
recycling routes. In this sense, Kaya (2019) described the 
recycling route employed by MGG in Austria. The group 
runs a polymer factory (PP, HIPS, ABS, and PC/ABS), 
in which the main raw materials are end-of-life plastics 
from e-waste. The group handles first-stage and down-
stream methods (generating enriched fractions of different 

materials), such as collection, depollution, shredding, mag-
netic, density, optical, and electrostatic separation. It sends 
concentrates to smelters to recover Cu and precious metals. 
The overall recovery rate is approximately 85%.

All evaluated emerging countries need help dealing with 
the informal collection system, and there need to be more 
raw materials to foment formal recycling industries. Thus, 
the main challenge is constructing a robust collection sys-
tem that adequately feeds formal first-stage recyclers and, 
posteriorly, developing a downstream industry to valorize 
materials within the countries' borders.

All benchmark companies operate in a global market of 
suppliers and stakeholders (they receive and sell materials 
to the entire globe), demonstrating that there is demand and 
opportunities for developing such an industry. E-waste must 
be faced with valuable resources as it can be a source of stra-
tegic and precious materials. Especially for emerging coun-
tries, recycling industries can be essential in promoting other 
industries, such as electronics and automotive.

The COVID-19 pandemic has shown the importance 
of the materials provided through safe and stable market 
routes. For example, during the pandemic, the automotive 
and electronic industries were severely impacted by the lack 
of semiconductors, as China prioritized its internal market. 
Indeed, the market of many strategic materials is dominated 
by a few countries, resulting in high supply risks.

Discussion and future perspectives

The problem of waste generation challenges the global popu-
lation to achieve a more sustainable and circular economy. 
The increasing consumption rate of electronics has pressured 
the extraction of primary sources. In addition, the consump-
tion of EEEs was impacted by the pandemic. Consequently, 
future e-waste generation will bring several environmental 
and social implications. Indeed, the behavior changed due 
to the COVID-19 pandemic for remote work, and studies 
caused an increase in waste generation. For instance, organic 
waste generation increased by 13.3% in comparison to 2019, 
allied to the fact that many recycling industries had to close 
or reduce their industrial capacities for social distance 
(Naughton 2020). Another example is the growth of single-
use plastic and personal protective equipment consumption 
(Lima et al. 2022).

The pandemic also affects EEEs consumption (to sup-
ply remote work and studies), which will raise the e-waste 
generation in the further years. Considering the lifespan of 
a computer of 5 years (Kumar et al. 2017) and the genera-
tion is threefold higher than any other waste, the amount 
of global e-waste will achieve 74.4 Mt before 2030, as 
previously expected (United Nations 2021). Thus, urban 
mining comes to provide a suitable destination for e-waste. 
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However, challenges for collection and recycling still need 
to be completed, especially in emerging countries.

Developed countries have the world's most extensive 
e-waste collection and recycling rates. As aforementioned, 
it occurs not only due to economic power. Social inequal-
ity in emerging countries may be one of the causes as well. 
For example, the GDPs of Brazil and Australia are similar 
in the generation of e-waste per capita twice (10.2 kg and 
21.7 kg, respectively) and more than 400-fold the differ-
ence in collected waste (0.14 kt and 58 kt, respectively). 
Nevertheless, the collection model of the formal recyclers, 
based on partnerships with other companies, can ensure 
a permanent supply of raw material, making Brazil an 
opportune market in Latin America that can be further 
explored by downstream industry.

Developed countries, such as Australia, the USA, 
China, and the European Union countries, have extensive 
and strong policies for e-waste involving all stakeholders. 
Emerging countries should join efforts to create and put 
into practice national policies and regulations focused on 
e-waste toward a circular economy. China is successfully 
bringing informal actors into formality and closing the 
materials cycle within its borders through recycling. An 
efficient collection system and construction of a down-
stream industry are essential steps that can be studied and 
adapted for other emerging countries. As observed, solid 
national policies focused on e-waste are the key to achiev-
ing high collection and recycling rates. Due to the impact 
of health emergency caused by the ongoing pandemic 
(COVID-19), the need for more attention to the e-waste 
policies in medical equipment—management and recy-
cling—was observed.

The pandemic affected the production of EEEs world-
wide, highlighting the fragility of supply chains for key 
materials for producing this equipment. Additionally, uncer-
tainties about the future of manufacturing due to the new 
mutations of the SARS-CoV-2 virus have been followed 
because it could jeopardize the delicate progress achieved. 
The forecast for the e-waste generation in the 2020–2021 
period will likely suffer changes since different countries 
have adopted different prevention and control policies, 
which would lead to an increase in the demand for EEE in 
some countries. However, the higher consumption/produc-
tion of EEEs does not mean a higher production of e-waste 
in a year. Furthermore, longer researches on this topic are 
crucial to developing strategies for e-waste management in 
the following years.

Regarding the recycling chains, emerging countries suffer 
from an uncontrollable informal sector (actuating in the first 
stages of the recycling chain) which is generally more profit-
able than the formal one. In general terms, it shows that the 
activity of these recyclers can be run by itself, and the focus 
for the emerging countries could be on creating channels to 

bring these informal actors into formality through enforcing 
regulations and economic incentives.

Indeed, this is the most urgent initiative in promoting 
social and health security and eco-friendliness. However, 
developing downstream industries in these countries is also 
a big challenge. Some limitations are imposed by the neces-
sity of a stable collection system and enough materials (due 
to the scale needed) to run them.

Thus, there is a need for a robust collection system that 
adequately feeds formal recyclers to posteriorly develop a 
downstream industry to valorize materials within the coun-
tries' borders. As an emerging country, China is succeeding 
in these tasks, which can be studied and adapted for other 
emerging countries. Effective regulations (based on the EPR 
approach) and incentives for the formal system are good 
marks of the Chinese system, but there is still a long way to 
go to improve it.

Regarding recycling, the COVID-19 pandemic has shown 
the importance of materials provided through safe and stable 
market routes. For instance, the automotive and electronic 
industries were severely impacted by the lack of semicon-
ductors in the market, as China prioritized its internal market 
(Wu et al. 2021). The effects were observed in 2022.

The market of many strategic materials is dominated by a 
few countries, resulting in high supply risks (Blengini et al. 
2020). Within a country's borders, recycling strategic and 
valuable materials may attenuate these breakdowns in mate-
rial provision when adverse external events occur. In this 
sense, developing a recycling industry in emerging countries 
is of major importance to ensure the activity of essential pro-
duction chains and sustainable economic prosperity. Indeed, 
recycling and diversification of supply chains are the keys to 
reducing long-term risks (Althaf and Babbitt 2021).

As stated, it is clear that the consequence of the pan-
demic affects e-waste generation. Therefore, future studies 
and reports should focus on accounting for the volume of 
e-waste generated during the pandemic. The current data 
demonstrated the rise in waste generation worldwide with 
the same recycling rate (or none caused by stoppages for 
social distances). For this reason, the amount will be com-
pleted differently from any projections—it was expected to 
achieve 60Mt of e-waste in 2023 (Forti et al. 2020), which 
certainly will occur before. Further, recycling developments 
to meet sustainability must be improved and adapted to treat 
different e-wastes.
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