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SUMMARY

Material depletion over reliance of linear economies and environmental pollution
may be resolved by applying the principles and practices of anthropogenic circu-
larity science. Here we systematically review the emergence of anthropogenic
circularity science in the interdisciplinary development of green chemistry, supply
chain, and industrial ecology at different scales. The first, second, and third laws
of circularity chemistry are proposed as forming the basic principles of circularity
science. To close the loop on critical materials, these three basic principles have
been exemplified in the anthropogenic circularity practices. We highlight the
spatial distribution of critical metal, waste generation, and recycling rate. Future
opportunities and challenges for a circular economy and urban mining will
predominate in anthropogenic circularity. Therefore, anthropogenic circularity
science will play an increasing role in enabling a smooth transition to a circular
society.

INTRODUCTION

Anthropogenic activity driven by chemistry is leaving a pervasive and persistent signature on Earth so that

some material cycles have been significantly modified over the past century (Waters et al., 2016). Global

sustainability is declining in an unprecedented rate due to severe resource depletion and serious environ-

mental degradation (IRP, 2017; Liu et al., 2015; OECD, 2019). The United Nations in 2015 set out a trans-

formational agenda for a sustainable 21st century with the adoption of 17 Sustainable Development Goals

(SDGs) to protect the earth and its inhabitants. For example, SDG 12 states as follows: sustainable con-

sumption and production focuses on improved utilization of our over-stressed and critical materials, doing

more with less, and adoption of circular rather than linear economies. This is very important as increasing

consumer demands from an ascending population with the rising aspirations for a better future have led to

concerns over the security of supply and accessibility of many elements within the Periodic Table that are

consumed in chemical processes and manufacturing. Currently, many processes for generating chemical

products are not sustainable owing to many negative impacts for resources and the environment (Moreau

et al., 2019; Poliakoff and Licence, 2007).

One of humankind’s biggest challenges over the 21st century is how to provide adequate resources for civi-

lization. Most geological materials extracted so far have been transformed into products and finally to

waste, i.e., a linear economy. As a result, global human-made mass has exceeded all living biomass (Elha-

cham et al., 2020). Geochemistry plays a pivotal role, from the processes that accumulate elements into ore

bodies, to developing exploration techniques that are used to find them (Sverdrup and Ragnarsdóttir,

2014). A circular economy will put much concern on chemistry to make the innovative products, using

the renewable feedstock in an eco-design manner. Furthermore, the substances these products are

made from will increasingly be handled as a secondary resource and not simply disposed of as waste (Clark

et al., 2016). A circular economy is recognized as an effective approach to alleviate and even solve global

issues, and chemical processes are a fundamental part of this. We provide a first analysis of the principles,

practice, and challenges of the emerging anthropogenic circularity science.

EMERGENCE OF ANTHROPOGENIC CIRCULARITY SCIENCE

Circularity of material is an emerging word in recent year, whereas the circular economy is tentatively em-

ployed to solve societal and ecological problems (Anastas, 2020). It is defined as a closed loop (Saidani

et al., 2019), in particular through waste recycling or circular economy (Billiet and Trenor, 2020; Cobo

et al., 2019; Tercero Espinoza et al., 2020). Anthropogenic circularity science seeks to create a closed-loop
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material flow typically linking the green chemistry, supply chain, and industrial ecology at different scales

(Cooper et al., 2020; Heisel and Rau-Oberhuber, 2020; Linder et al., 2017).

Green chemistry

On themicroscopic scale, green chemistry is regarded as the design of output and processes that eliminate

the use and generation of unfriendly substances. It is derived from the growing demand for more sustain-

able processes in the chemical world, devoting to reduce or avoid the utilization of hazardous substances

and to minimize wastes generated from the chemical reactions (Anastas and Lankey, 2000). Some mature

chemical processes, which are often based on technology developed in the first half of the 20th century,

may no longer be welcome owing to today’s environmental awareness. ‘‘Eco-economics’’ has become

the driving force for new products and processes, whereas the cost of waste disposal and pollution control

is increasing (Clark, 1999).

The most important aspect of green chemistry is the philosophy of design. A dozen principles of green

chemistry have been identified as ‘‘design rules’’ to help producer reach the sustainability (Anastas and

Eghbali, 2010; Duan et al., 2015). From the environmental perspective, the pursuit of waste minimization

has elevated green chemistry (Beach et al., 2009). The adoption and development of green chemistry

has been catalyzed by the formulation of principles and metrics that would guide the design of sustainable

chemicals (Mulvihill et al., 2011). Although this field has been developed rapidly in last 25 years, it is still in

the infant stage. There is no doubt that the development and implementation of green chemistry will

contribute strikingly to the sustainable development of modern society (Song and Han, 2015).

Closed-loop supply chain

On the mesoscopic scale, the supply chain is a system of organizations, people, activities, information, and

resources for the flow of product or service from supplier to customer. Traditionally, supply chain activities

involve the transformation of natural resources, raw materials, and components into finished products that

are delivered to the end consumer.

Currently, supply chain is divided into forward and reverse supply chain, which could constitute closed-loop

supply chains (O’Rourke, 2014). Forward supply chain covers natural resource extraction, manufacturing,

transportation, retail operations, product consuming, and end-of-life (EoL) disposal. Chemistry is the key

driver mainly in extracting and producing to enable the function of product. Consumers can take advan-

tage of the product after physical distribution. The process can be out-looked as forward logistics of prod-

ucts. Waste is generated during the processes of manufacturing (called as new scrap) and consuming or

after the product has been used for long periods and approaches the EoL phase as old scrap. All the pro-

cesses of product are composed of forward supply chains and thus, a linear economy (Figure 1).

In reverse supply chain, some high-quality old scrap can be reused as product; common old scrap can be

disassembled for remanufacturing, and the remanufactured products are typically upgraded to the equal

quality standards of new products that can be resold in markets (Savaskan et al., 2004); some can be

dismantled for recycling and entered to original production processes; and also the residues can be recov-

ered as raw materials using green chemistry (Figure 1) (Li et al., 2015b).

Industrial ecology

On the macroscopic scale, the concept of industrial ecology is referred to natural ecological systems. In

nature, an ecological system runs through a food chain or web of connections in which organisms live

and consume each other and each other’s waste (Allenby, 2006). Similar thinking can be grafted into indus-

trial ecosystems (Graedel, 2000). In the early stage, unlimited resources were utilized in industrial process

and generated unlimited waste. Currently, when energy and limited resources are utilized in complex

chemical industry within recycling, limited waste can be discharged.

The definition of industrial ecology has evolved since 1980s (Clift and Druckman, 2016). Nowadays, indus-

trial ecology conceptualizes industry as an emerging discipline that operates in a similar way as natural eco-

systems, where the waste or by-product from one process is used as an input into another one (Ayres and

Ayres, 2002). Industrial ecology is original from natural ecosystems and attempts to transfer from a linear to

cyclical or closed loop system. Like natural ecosystems, industrial ecology is in a continual state of flux. A

basic target of industrial ecology is to design or modify an industrial system such that the wastes of one
2 iScience 24, 102237, March 19, 2021



Figure 1. Systematic material cycling diagram for closed-loop supply chain

Note: yellow arrow indicates clockwise supply chain, and green arrow and gray arrow indicate count-clockwise supply

chain. Adapted with permission from (Zeng and Li, 2018), copyright of Science China Press (2018).
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industry can serve as the feedstocks for another industry (Lifset, 2014). Therefore, the insight of industrial

ecology no longer focuses solely on technology and has covered the nexus of sustainability through multi-

disciplinary partnerships (Bunker, 1996; D’Odorico et al., 2018; Liu et al., 2018a).

The conceptual framework of industrial ecology is defined as transforming the use of materials in product

chain from a linear to a circular model, which is used to uncover the interactions of the high-technological

society with the environment (Harper and Graedel, 2004). Essentially, industrial ecology heralds a call for

the operation of closed-loop supply chain from manufacturing, consumption, and recycling, to disposal

(Linton and Yeomans, 2004). Nowadays, growing materials ecology is about the evolution of a new gener-

ation of products that can be easily recycled elsewhere at the end of their life (Allwood, 2016). A modern

vehicle, for instance, is a very complicated product capsuling many thousands of parts and components.

After the obsolescence, the vehicle is dismantled and most of them are recycled, especially for the metals

and plastics (Collier and Alles, 2010; Ohno et al., 2017).
THREE LAWS OF ANTHROPOGENIC CIRCULARITY CHEMISTRY

The development of many-scale disciplines in terms of green chemistry, closed-loop supply chain theory,

and industrial ecology are boosting the emergence and evolution of anthropogenic circularity science (Fig-

ure 2A). Circularity chemistry is defined as the combination of biogeochemical cycle and anthropogenic

recycling, which is the fundamental rule to uncover the circular economy for the sustainable development.

Three principles are expressed as first, second, and third laws of circularity chemistry from the macroscopic

and mesoscopic scales to the microscopic scale.
First law of circularity chemistry

The first law of circularity chemistry (Equation 1), also known as the fundamentals of constant abundance,

states that the relative contents (or abundance) of various moved chemical elements in the universe are

constant (Jin, 2014).
iScience 24, 102237, March 19, 2021 3
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F =
MaP
Mn

(Equation 1)

where F is the abundance of elements (%), Ma is the content of element (tons, 1 t = 103 kg), and Mn is the

total sum of all the elements’ content in tons.

One of the persistent problems of interest to environmental and allied scientists concerned with the chem-

istry of meteorites and planets has been the original composition of the solar system. When the abundance

of elements is constant, the total mass of all elements in the universe will be constant.

The first law of circularity chemistry indicates the importance and scope of anthropogenic circularity. The

Earth’s natural resources are limited, and material supply from urban mining is much needed to meet the

shortage of virgin resources (Ciacci et al., 2016). The scope of circularity chemistry covers the 83 types of

natural elements. With circularity chemistry, any waste containing any of the 83 elements is considered

as a raw material to recycle for new products.
Second law of circularity chemistry

The second law of circularity chemistry is the principle of material cycling, which is a universal law of ecolog-

ical systems. It means that all the elements and products made from them are moving along cyclical routes

in an ecological systems (Jin, 2014).

Composition and structure of the ecosystem

Driven by the biological, physical, and chemical components, the ecosystem consists of two main compo-

nents, i.e. community, which is called biocoenosis and habitat (biotope). Functionally, the two components

of the ecosystem (autotrophs and heterotrophs) can be recognized usually with four constituents, i.e.

abiotic, producers, consumers, and decomposers (Liwarska-Bizukojc et al., 2009). The four constituents

play different roles. For example, producers (e.g., plants and algae) acquire nutrients from inorganic sour-

ces that are supplied primarily by decomposers, whereas decomposers, mostly fungi and bacteria, acquire

some elements from organic sources that are supplied primarily by producers (Naeem et al., 2000).

Material cycle

According to the scope, the biogeochemical cycles consist of a geochemical and biological cycle. The

geochemical cycle is the pathway of compounds and elements, covering the adsorption in biont (a discrete
4 iScience 24, 102237, March 19, 2021
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living organism that has a specified mode of living), back to the environment via dying, residue, or excre-

ment of biont, and further utilization for biont through five spheres, i.e. atmosphere, hydrosphere, pedo-

sphere, lithosphere, and biosphere. The geochemical cycle supplies the external environment for the

biological cycle. The biological cycle is the pathway for elements via adsorption, further utilization, decom-

position, and new adsorption in ecosystem.

A material cycle is characterized by its indestructibility and circularity. During transformation, material and

energy can be changed in form but can never be destroyed. But the material cycle differs from energy flow

because energy transfer is irreversibly leaving the ecosystem, whereas material can be recycled. Material is

limited and heterogeneous in distribution and can be recycled frequently owing to its perpetual utilization

in the ecosystem.

The second law of circularity chemistry uncovers the direction from the environment (e.g. atmosphere), pro-

ducer (e.g. green plant), consumer (e.g. animal, human), and decomposer (e.g. microorganism). Therefore,

this law is also known as the law of conservation of mass. Material can be changed in form but can never

vanish during the cycle. The second law of circularity chemistry indicates the feasibility of recycling.
Third law of circularity chemistry

The third law of circularity chemistry (Equation 2) is the principle of zero waste that chemical reactions

should be designed to tentatively achieve zero emission of waste.

X
W/0 (Equation 2)

where W is the amount of waste.

The third law can also be explained via the principle of atom economy or atom efficiency, which is the con-

version efficiency of a chemical process in terms of all atoms involved and the desired products produced

(Equation 3). Atom economy is an important concept of green chemistry and a widely used metric for

measuring the "greenness" of a process or synthesis (Trost, 1995). However, it must be noted that not

all 100% atom efficient processes can automatically be considered to be green.

E =
D

T
3 100% (Equation 3)

where E is the atom economy or efficiency, D is the molecular mass of desired product, and T is the molec-

ular mass of all reactants.

Ideally, a manufacturing process would design some related reactions so that all atoms are included in the

product structure. By the conservation of mass, the total molecular mass of the reactants is the same as the

total molecular mass of the products. In an ideal chemical process, the amount of starting materials or re-

actants equals the amount of all desired products generated with no atom wasted.

The third law of circularity chemistry in the microscopic scale implies the importance of maintaining an

ecological balance. The natural material cycle is always a process with nearly zero waste emission. If, this

process is broken and/or ecological balance is destroyed, then waste will be inevitably generated that

may endanger human life or the health of the environment.
PRACTICES OF ANTHROPOGENIC CIRCULARITY SCIENCE

Based on the principles of circularity chemistry, zero waste, circular economy, and urban mining are the

most relevant practices from macroscopic to microscopic level to maintain the anthropogenic circularity

(Figure 2B).
Zero-waste city and society

The term ‘‘zero waste’’ was first proposed by Dr Paul Palmer in 1973 for recycling materials from chemical

product (Palmer, 2005). Formal waste management has progressed from open dumping and uncontrolled

landfilling to composting, recycling, waste-to-energy, and controlled landfilling process (Liu et al., 2020). In

a zero-waste system, material flow is circular, supported by the second law of circularity chemistry. Thus, the

same materials are used many times until the optimum level of consumption is achieved. Within the system
iScience 24, 102237, March 19, 2021 5



Figure 3. Main practices of zero waste program in the world

Data source from Curran and Williams, 2012; Lang, 2005; Matete and Trois, 2008; Rathoure, 2019; Young et al., 2009).
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the discarded products could be reused, repaired, sold, or redistributed. If reuse or repairs are not

economical, then they, as the above analysis of reverse logistics, can be recycled or recovered from the

waste stream and used as inputs, substituting the demand for virgin resources and the associated mining

costs.

Zero waste represents a shift from the traditional industrial models in which wastes are considered as the

norm, to integrated systems in which everything has its use. In practice, some programs of zero waste have

been implemented in numerous communities, cities, and countries (Figure 3). New Zealand and Japan

were the pioneers of zero waste dream from community to society. In 2000, Japan initiated the circular so-

ciety with the focus on waste management and material depletion (Geng et al., 2013). On December 29,

2018 China State Council released one ambitious zero-waste city program. The initial pilots were set for

11 cities and 5 regions (named as ‘‘11 + 5’’), covering Shenzhen, Baotou, Tongling, Weihai, Chongqing,

Shaoxing, Sanya, Xuchang, Xuzhou, Panjin, and Xining, as well as Xiongan, Beijing E-town, Tianjin Eco-

city, Guangze, and Ruijin (Li and Zhuo, 2019). The obtained successful experience and model would be

hopefully extended to other Chinese cities. Through maximizing reduction and recycling and minimizing

the landfill and environmental impact, this philosophy is devoted to hopefully push the urban green devel-

opment pattern based on the innovation, coordination, green, open, and share.
Circular economy

As noted earlier, the essence of the second principle of green chemistry and SDG 12 is designed for ma-

terial efficiency. This is stimulating the much-needed move from a traditional linear flow of materials in an

‘‘extract-manufacture-use-dispose’’ economy, to a greener, circular economy that devotes to minimize

waste through deliberate design of products, processes with resource consumption, and recycling at

the outset (Sheldon, 2016). Circular economy employs the industrial ecology law to realize the special

goal of resource efficiency and recycling rate. It has evolved from The Economics of the Coming Spaceship

Earth in 1966, and Economics and the Environment: A Materials Balance Approach in 1970s, to a theory of

circular economy promoted by Ellen MacArthur Foundation in 2010s (EEA, 2016). Its boundary has

surpassed landfill mining, urban mining, material recycling, material recovery, and waste minimization

(Figure 4A) (Cossu and Williams, 2015).
6 iScience 24, 102237, March 19, 2021
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The drive to shift material composition of consumables from technical activity toward biological materials

and to have those cascades through different applications before extracting valuable feedstock and finally

re-introducing their materials into the biosphere encompasses the core principles of a restorative circular

economy (Jackson et al., 2014). Therefore, the circular economy addresses an industrial economy in which

material flows keep circulating at a high rate without the material entering the biosphere unless the biolog-

ical nutrients (Figure 4B) (Lehmann et al., 2014). In the technosphere, recycling has now become an integral

component of the supply chain. Recycling of used products and the related logistics management provide

a significant opportunity to circular economical industries (Liu et al., 2018b; Mishra et al., 2011). Nowadays,

circular economy is booming not only in industrial nations (e.g., the EU, Japan) but also in rapidly emerging

and high growth countries (e.g., China) (Geng et al., 2013; Manhart et al., 2014).

Regulated by the second law of circularity chemistry, the technical process of circular economy is emerging.

When the product reaches the EoL phase, the emerging technical hierarchy of circular economy can be ob-

tained: high-quality spent product can be reused again for consumption; broken product can be disas-

sembled to get the components for remanufacturing to re-enter the consumption chain; waste product

can be dismantled for recycling (e.g. mechanical crushing, screening) to implement original production

(closed loop) or sent to another production process for new cycle (open loop); other waste after recycling

can be recovered as raw materials though the third law of circularity chemistry (closed loop) or put into

another production process for other new cycle (open loop) (Horton et al., 2018); and any residues are

disposed of a controlled landfill plant (Figure 4B) (The-Ellen-MacArthur-Foundation, 2012).
Urban mining

It is the process to reclaim the compounds and materials from old scrap, providing a systematic and goal-

oriented management of anthropogenic material stocks and waste (products and buildings), considering

long-term environmental protection, resource conservation, and economic benefits (Cossu, 2013; Klingl-

mair and Fellner, 2010). Urban mining of electronic and electrical waste (e-waste) is becoming more

economical than virgin mining of natural mineral (Zeng et al., 2018). Therefore, it is becoming an important

solution to achieve the win–win objectives of enhanced resource sustainability and improved environ-

mental quality, while developing a robust circular economy based upon reuse and recycling (Krook and

Baas, 2013).

In light of the first law of circularity chemistry (Equation 1), an anthropogenic mine (or called secondary

resource) mainly covers e-waste, EoL vehicles, and waste cable and wiring, representing a huge amount

of valuable and precious materials (Wang et al., 2020; Zeng et al., 2020). The potential of urban mining

also covers the quantities of materials that are buried in landfills and are hibernating in cities, which if mined
iScience 24, 102237, March 19, 2021 7
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could dramatically reduce the amounts of virgin materials (Jones et al., 2013). Within the second law of

circularity chemistry (Equation 2), urban mining illustrates resource flow direction from stock in anthropo-

genic mine to utilization in production and consumption (Figures 1 and 4). The major approaches involve

remanufacturing, recycling, and recovery. Therefore, urban mining can maintain society to alleviate the

pressure on natural resources depletion and meanwhile to decrease air and water pollution from the efflu-

ents of the landfills.

The third law of circularity chemistry (Equation 3) has been extensively employed in urban mining process.

A first disassembly or dismantling or de-manufacturing is generally dispensable because many types of

anthropogenic mines are mainly composed of physically combined structures (Ruan and Xu, 2016; Sun

et al., 2016). In the light of elemental metals in anthropogenic mines, mechanical/physical technologies

are identified to separate metals from nonmetallic components (Xu et al., 2019). A pyrometallurgical pro-

cess is often adopted for metal extraction, although the expensive equipment required has limited its use

in medium- and small-sized enterprises. Hydrometallurgical process is relatively effective and easy to op-

erate, but with high selectivity of targeted metals toward an eminent recovery efficiency (van Hullebusch

et al., 2019; Wang et al., 2017). Using lithium-ion batteries as a typical example, a short-cut recycling of co-

balt and lithium was directly achieved using oxalic acid, which afforded dissolution and precipitation of

lithium oxalate salts and complexes (Zeng et al., 2015).
ANTHROPOGENIC CIRCULARITY PERFORMANCE OF WASTE AND METAL

In larger-scale earth science, a geochemical cycle is a pathway by which a chemical substance/element

moves through both biotic (biosphere) and abiotic (lithosphere, atmosphere, and hydrosphere) compo-

nents of the Earth (Plane et al., 2015). Anthropogenic activities have significantly altered the global cycles

of metals in Earth’s ecosystems (Ellis, 2011). Massive amounts of metals have been extracted from the lith-

osphere to be used in the flourishing electronics and new and renewable energy industries (Chancerel

et al., 2015; Christian et al., 2014). Metals are not ‘‘running out’’ or being destroyed but rather are being

dispersed throughout the technosphere, making recapture both highly problematic and often very costly

(McLellan et al., 2016; Tilton, 2015). There is a growing need to develop the best approach to recycle them

from waste repositories, current or historic, both for hazard avoidance and potentially, as a new source of

elements for industry (Reuter et al., 2019).

Hunting treasure from e-waste, typically as high environmental-risk andmaterial-stock waste, has absorbed

wide concern since 2000 (Ogunseitan et al., 2009). Some developed countries tended to shirk responsibility

to dump their e-waste in developing countries (Wang et al., 2016). Many developing countries like China

have struggled strenuously to eliminate the informal recycling and illegal importation for two decades.

Currently, some European countries, China, and the US are leading in the formal recycling rate (Figure 5).

The global average was only around 20% (Li et al., 2015a). The recycling rate of most of the countries and

regions is still less than 10% so that we are still far away from a closed-loop system (Reck andGraedel, 2012).

It indicates a huge potential of anthropogenic circularity in the near future.
OPPORTUNITIES, CHALLENGES, AND PROSPECTS

Innovation through green chemistry and chemical technologies combined with sustainable manufacturing

practices will enforce. The United Nations Sustainable Development Summit (25th September 2015) adop-

ted the document, entitled ‘‘Transforming Our World: the 2030 Agenda for Sustainable Development,’’

setting out 17 SDGs for removal of poverty, protection of the planet, and ensuring prosperity for all

(UNGA, 2015). In particular, SDG 12 strives to ensure sustainable consumption and production patterns;

promotes material and energy efficiency and sustainable infrastructure; and provides access to basic ser-

vices, green, and decent jobs as well as a better quality of life for all. Key targets of SDG 12 including the

substantial reduction of waste generation and the notion of a systemic approach and cooperation among

actors operating in the supply chain will oblige a huge room for cyclical chemical.
Future opportunities

The concepts of ‘‘Zero Waste’’ have been implemented in a couple of countries, cities, as well as in a range

of companies (Curran and Williams, 2012; Lang, 2005; Matete and Trois, 2008). On December 29, 2018

China State Council released the solution to establish zero-waste city pilot. Through maximizing reduction
8 iScience 24, 102237, March 19, 2021
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and recycling andminimizing the landfill and environmental impact, this philosophy is devoted to hopefully

push the urban green development pattern based on the innovation, coordination, green, open, and share.

Three scales of cycling, small cycling, moderate cycling, and large cycling are occurring in various spheres

of the earth. In the biosphere, the natural ecosystem is driven by natural energy flow and human needs. In

the technosphere, typical activities such as urban mining, zero waste, and circular economy are driven

mainly by human needs. The anthroposphere is partly consisted of the biosphere and the technosphere.

However, in all spheres, the global ecosystem is driven by geodynamic and human needs (Table 1).

The circular economy provides a huge opportunity to improve material efficiency and environmental pro-

tection. Industrial symbiosis and circularity chemistry offer many possibilities for closed loop rather than

linear materials flow, especially for poorly recovered critical elements. The current extraction of natural min-

erals is not sustainable in terms of the consumption of many elements in industrialized countries owing to

their geologic scarcity and spatial shortage (Henckens et al., 2014; Klimek et al., 2015; Lusty and Gunn,

2015). On the other hand, waste production will peak in this century when population growth and urban-

ization will outpace waste reduction (Hoornweg et al., 2013). Many resources are considered to be close

to ‘‘peaking’’ including lithium, helium, copper, and the rare earth elements (Rustad, 2012).

A sustainable material industry will be based on a closed loop of material, which is as far as possible free of

quantitative and qualitative losses in the technosphere. But as a global society, we are currently far away

from a closed-loop material system (Reck and Graedel, 2012). Urban mining is going to be increasingly

important to relieve the coming resource crisis (Ayres and Peiro, 2013; Gauffin et al., 2016; Wen et al.,

2015). However, there is still much room for increased efficiency in urban mining, which also offers the valu-

able opportunity for material recycling worldwide and not simply where the minerals occur naturally. More

mining is unavoidable, but increased recycling, substitution, and careful design of new high-technology

devices will help meet the growing demand (Vidal et al., 2013).
Potential challenges and studies

Anthropogenic material cycles are having a huge impact on the chemistry of the planet, leading to the

Anthropocene Epoch (Donahue, 2015; Zalasiewicz et al., 2011). Not only geological ores in global metallic
iScience 24, 102237, March 19, 2021 9



Table 1. Summary for different cycling in various spheres of the earth

Sphere Typical activity Main process Cycling scale Driver

Biosphere Natural ecosystem Cascades Small cycling Energy flow

Farming Small cycling Social needs

Food chain Moderate cycling Energy flow and

social needs

Technosphere Urban mining

Zero waste

Circular economy

Industrial ecosystem

Reuse Small cycling Social needs

Remanufacturing Small cycling Social needs

Recycling Moderate cycling Social needs

Recovery Moderate cycling Social needs

All spheres Global ecosystem Geochemical cycling Large cycling Geodynamics and

social needs
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mining are becoming scarce but also their grades of the remaining ores are decreasing significantly (Calvo

et al., 2016). The above analysis also indicates that anthropological activities have sped up the natural

geochemical cycle. However, on at least two scales, the material cycle has declined in the technosphere.

At a small scale, any materials are still stored in waste without recycling due to low rates of collection.

Meanwhile, a great deal of loss and dissipation of materials have occurred owing to low recycling and a

great reliance on landfill (Izatt et al., 2014; Rauch and Graedel, 2007). On an industrial scale, waste or res-

idue released from one enterprise has rarely gone to another enterprise for further production. Moreover,

the balance and compatibility of materials, water, and energy yet remain at the developing phase.

Therefore, in the life cycle perspective of material flow, many potential studies still remain to show that

more materials can stay with a long retention time at the material in product stage. Because the geological

reserve is dynamic, more mineral resources can be discovered at the natural mining stage. Extensive min-

eral exploration will be required to meet this future resource demand, because many of the undiscovered

deposits will be harder to find and more expensive to mine than near-surface deposits located in more

accessible areas (Meinert et al., 2016). It provides the opportunities for green mining for material supply

using circularity chemistry. Conventional mining process should be improved for cleaner production.

During themanufacturing process, the third law of circularity chemistry should be strictly pursued to reduce

the generation of by-product and scrap, including for the organic chemical industry. Catalysis should be

expanded and updated to play a bigger role in manufacturing processes (Sheldon, 2016). In addition, ma-

terial substitutes can also be preferentially considered to choose the materials with low supply risk and low

toxicity (Köhler, 2013; Komeijani et al., 2016).

At the EoL stage or urban mining, for instance, e-waste could be a future source of critical material (Wil-

liams, 2011); however, the reduction of dissipation of critical metals should have much higher priority

(Ylä-Mella and Pongrácz, 2016). Previous practices on urban mining, zero waste, and circular economy

are calling for green engineering using circularity chemistry (O’Connor et al., 2016). The basic nature of

an urban mine should be clarified, and the clear difference and boundaries between urban mines, natural

minerals, and municipal solid waste should be drawn. Then, to achieve metal sustainability, green pro-

cesses involving pre-treatment, mechanical treatment, hydrometallurgical, or pyrometallurgical process

should be developed.
CONCLUSIONS FOR SCIENCE AND POLICY

We believe that circularity chemistry should be regarded as a fundamental principle to solve the major is-

sues of resource deletion and environmental pollution. The development of green chemistry, closed-loop

supply chains, and industrial ecology has resulted in the emergence of anthropogenic circularity science.

The first, second, and third laws of circularity chemistry are proposed as forming the basic principles of

anthropogenic circularity. All the three principals have been adopted into some important practices, espe-

cially for urbanmining for metal recovery, zero waste for circular management, and the circular economy for

material efficiency. All anthropogenic practices designed for serving human-kind have accelerated the flow

of elements in natural geochemical cycling from the lithosphere, pedosphere, hydrosphere, and
10 iScience 24, 102237, March 19, 2021
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atmosphere, to the biosphere and technosphere. However, previous attempts from 1966 to 2018 to

develop a form of circular economy approach have revealed many potential challenges. There is clearly

a need for more studies on the effective application of anthropogenic circularity science as a part of a cir-

cular economy as well as in urban mining. We see anthropogenic circularity science playing an increasingly

important role in enabling a transition toward a more sustainable society which can support the world’s

population without destroying the environment.
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Supplemental Table 

Table S1 The collected data of global e-waste recycling  

Country & region Recycling rate (%) Year Country & region Recycling rate (%) Year 

Australia 10 2008 Italy 32.1 2015 

Austria 41 2016 Japan 30 2013 

Belgium 34 2016 Latvia 23.2 2016 

Brazil 10 2015 Liechtenstein 100 2016 

Bulgaria 100 2016 Lithuania 38.9 2016 

Canada 20 2014 Luxembourg 45.6 2016 

China 46 2018 Macau 75 2014 

Croatia 89.2 2016 Malta 11.5 2014 

Cyprus 17 2014 Netherlands 40.4 2016 

Czech Republic 46.1 2016 Nigeria 5 2012 

Denmark 41.4 2016 Norway 49.3 2016 

Egypt 10 2011 Poland 38.9 2016 

Estonia 75.3 2016 Portugal 45.8 2016 

Finland 42.1 2016 Romania 21.3 2014 

France 37.1 2016 Slovakia 50.3 2016 

Germany 39 2016 Slovenia 47.7 2015 

Ghana 5 2012 Spain 37.4 2016 

Greece 34.2 2016 Sweden 55.4 2016 

Hungary 53.4 2016 Switzerland 73 2017 

Iceland 41.3 2016 Taiwan 50 2011 

India 5 2015 United Kingdom 49.8 2016 

Ireland 49.5 2016 U.S. 43.9 2017 

Note: data source from the refs. (ABS, 2013; Awasthi and Li, 2017; CEDARE, 2011; EDITORIALS, 

2015; EUROSTAT, 2018; Islam et al., 2018; Kumar and Holuszko, 2016; Li et al., 2015; Song et 

al., 2014; USEPA, 2012; Zeng et al., 2017; Zeng et al., 2018);  
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