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R is for recycling 

In the linear economy model, resources are extracted from the planet for production and 

consumption, following a one-way road that does not involve the reuse or active regeneration 

of the natural systems from which they were taken. Both in developed and developing 

countries, this linear approach has largely replaced the traditional "low productivity" circular 

economy. Supply chains tend to be complex and international and share a single goal: the 

consumer. It is a system characterized by high intensity of energy and materials, of which 

about 80% will end up in incinerators, landfills, or wastewater: a dead end. 

The need to overcome this "take-make-dispose" system has been widely demonstrated, for 

both environmental and social benefits. For consumer goods (food and drink, clothing, 

packaging), rather than for durable goods, the economic advantages of a circular design are 

complex and difficult to evaluate. Recovery for reuse can guarantee savings and profits when 

collection rates are high, by keeping packaging in circulation for longer. Another possibility is 

the recovery by decomposition, the materials that are no longer used can follow two possible 

paths: recycling or the return of nutrients to the soil through biodegradation, depending on 

the properties of the packaging materials. 

Fig. 1: Linear vs Circular approach - Catherine Weetman / CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0) 
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Recycling is not the first option to consider in a circular approach, but it is a possible solution 

when reuse infrastructures cannot be implemented and if significant savings on materials are 

immediately available by collecting and recycling used packaging.  

Nowadays, the price of raw materials in OECD countries makes it profitable for collection and 

recycling companies to increase the volume and range of the different recycled fractions. At 

the same time, careful product design and conscious choice of materials should also 

significantly improve recovery and regeneration solutions. 

The increase in the material impact of the consumer goods industry due to the growth of the 

middle class in emerging markets must also be considered. This greater economic availability 

of many families means greater purchases of manufactured products, leaving behind the 

habit of buying bulk products, without brand. 

Speaking of materials and raw materials, it is important to keep in mind the division of these 

into two macro-categories, as proposed by Braungart and McDonough in their book Cradle 

to Cradle (2002): biological and technical materials.  

Biological "nutrients" are designed to safely return to the biosphere, where they decompose 

into precious raw materials for a new cycle. Technical "nutrients" are materials that do not 

easily degrade or, when they do, cause contamination within the flow of biological nutrients.  

Reusing these materials has so far not been a priority given the possibility of obtaining new 

raw materials and disposing of waste with relative ease. This situation is changing due to the 

peaks and high levels of volatility in the costs of input materials, both agricultural and 

technical, that have recently been observed. 
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Fig. 2: Biological and Technical Nutrients - Zhiying.lim / CC BY-SA (https://creativecommons.org/licenses/by-sa/3.0) 

 

Almost all consumer goods end their life cycle after just one use: packaging, food waste and 

discarded fabrics often end up in landfills where they lose their value or lead to additional 

collection and disposal costs. The current recycling rates are significant only for a handful of 

types of waste, mainly those that occur in homogeneous large volumes. 

But what does it mean to recycle a material? It means converting it into something of about 

the same value, same quality and characteristics as the original one, through a series of 

mechanical and chemical processes.  

At the end of a recycling process, a product is reduced to its basic components, to be used 

again to produce a new consumer good. Recycling, by definition, reintroduces a material in 

the same life cycle. If you consider discarded fabric scraps, recycling them will transform the 

fabric into threads, which are then used to create new bolts of fabric. 
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The initial phase of all material recovery activities is collection, which can take place in 

different ways: 

 - separate collection by type of product; 

 - multi-material collection for two or more types of product; 

 - undifferentiated collection of all fractions of waste. 

Based on the type of collection pursued, it is already possible to obtain a good quality of the 

recovered product to be recycled. An improvement in the collection and sorting of waste leads 

to an improvement in the entire process.  

Some obstacles to the increase in recycling rates in the European Union (around 40% of the 

waste produced by households is recycled) are administrative capacity, the lack of 

investment in infrastructure, the insufficient use of economic instruments in its favour and the 

surplus of waste treatment infrastructure (mixed waste included). We must not forget the illicit 

transport of waste, both inside and outside the European Union, which often involves 

treatment that is anything but optimal from an economic and environmental point of view, as 

well as the loss of precious resources. 

The supply of raw materials is an increasingly central node for the economy, which can be 

partially guaranteed by the re-introduction of recyclable materials. These "secondary raw 

materials" can be exchanged and transported in the same way as primary raw materials from 

traditional resources. Currently, this second resource represents only a modest percentage 

of the total. Part of the problem is due to the excessive variability of their quality, which creates 

uncertainty in the producers. 

We must not forget the recycled nutrients present in organic waste materials, so it is equally 

necessary to develop quality standards to use them in soils as fertilizers. Their sustainable 

use in agriculture reduces the need for mineral fertilizers, which negatively impact the 

environment and whose raw material, phosphate rock, is a limited and imported resource. In 

this case, the main obstacle to their circulation is the heterogeneity of quality and 

environmental standards in force at national level. 
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How to further facilitate recycling? Promoting cycles of non-toxic materials and the possibility 

of tracing the dangerous chemicals (https://echa.europa.eu/legislation) in the products 

certainly facilitate the use of secondary raw materials.  

Furthermore, the precondition for the creation of a dynamic market for these materials is the 

existence of a sufficient demand, which for some raw materials is already high, while for 

others it is still weak. Metals, aluminium and glass can be quite easily recycled since they 

can be processed several times while the resulting material will still be of equal quality. 

Unfortunately, a significant part of the recycling results in a material of lower quality than the 

original one, which cannot be returned to the same market. 

Fig.3: Bins for separate collection in a public park 

One last consideration: often the word recycling is equated with circular economy and 

environmental sustainability, it is used as a generic term that includes all forms of recovery 

and reuse. This leads the consumer to believe that the circular economy is exhausted in the 

action of separating household waste or buying recyclable products. This simplification is an 

obstacle to a systemic approach, which takes into consideration the entire life cycle of a 

product, starting from its design. 
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Up and down 

As we saw in the previous paragraph, the purpose of recycling is to obtain a material that can 

completely replace the original raw material. This, unfortunately, is not always possible. The 

term downcycling means a process of converting materials into new materials of lower quality 

and reduced functionality. At the end of the process there is therefore a loss of value, the 

material obtained is of lower quality, as well as the products for which it will be used. What is 

the reason for this? Often the cause is the very nature of the material, which proves to be an 

impediment to the conservation of its previous durability. An example are various plastic 

products, the chemical nature of which prevents returning to the workability of the virgin 

product. Downcycling does not return the material to its original cycle. An example? Creating 

rags from clothes or newspapers from writing paper. 

Does it make sense to recycle these materials? Yes, once the other possibilities of reuse are 

exhausted, when the only viable alternative is the landfill, then it is better to recycle. All types 

of recycling help to prolong the life of the material in one form or another, which translates 

into a reduction in the amount of virgin raw materials processed and a delay in the arrival of 

the material in landfills. 

Fig. 4: Paper and cardboard deposit for recycling in Denmark 

When, on the other hand, this process of converting materials into new ones brings superior 

quality and greater functionality, it is called upcycling. For example, if backpacks are created 

from the production scraps of a textile industry, this material, originally considered waste, has 

seen its value increased. When, from a used glass bottle, after melting it I produce the diffuser 

of a lamp, we speak instead of recycling, which maintains the original value.  
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Upcycling involves the creation of a new product by reusing the object itself, in whole or in 

part, through creative methods, for a purpose that can be the same or even very different 

from what it was made for, extending its life cycle. Here you can find a schematic recap. 

 

Wasting away 

In the European Union almost 15 tons of materials per person are used every year, while 

each citizen generates an average of over 4.5 tons of waste per year, of which almost half is 

disposed of in landfills. From an environmental point of view, this system is no longer 

sustainable. In fact, even without considering the intrinsic value of discarded objects, their 

fate is problematic.  

Waste disposal sites and landfills can create short- and long-term risks to human health and 

the environment. Harmful leachate, dust, odour, local traffic and powerful greenhouse gas 

emissions are some of the possible consequences, without wanting to add the international 

waste market, the opposite of a zero-kilometre approach. Discarded biodegradable materials 

(kitchen waste, paper and cardboard, wood, and natural fabrics) when decomposing under 

anaerobic conditions lead to the production of a gas called landfill gas. Its composition is 

given by about 50% of methane, a greenhouse gas over twenty times more powerful than 

carbon dioxide. Another aspect to consider is the land use of dumping grounds near 

consumption centres: land has value in these areas. Furthermore, community concerns make 
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it increasingly difficult to locate a space in which to place them, different cities and countries 

are running out of possibilities. 

The transition to a circular economy shifts the focus on reusing, repairing, renovating, and 

recycling existing materials and products. What is normally considered "waste" can be turned 

into a resource. In the management of waste materials, it is necessary first and foremost, to 

prevent, then to design goods, in order of priority, for reuse, recycling, energy recovery and, 

lastly, disposal. This hierarchy is intended to encourage options that globally produce the 

best environmental results. All types of waste must be considered, from those generated by 

households, businesses, and industry to those in the mining and construction sector. 

 

Fig. 5: Coffee cups designed for recyclability 

Although it may seem an unattainable goal, it is within our reach if a common and shared 

intervention is implemented between all the stakeholders: legislators, producers, 

environmental protection bodies, infrastructures for waste management, personnel in charge 

of collection and disposal, the citizen. In fact, the circular economy of waste consists of a 

systematic approach in which the final waste product is reintroduced into the circulation as a 

secondary raw material, activating virtuous processes such as repair, reuse, recycling. 

Waste does not exist if the biological and technical components of a product are already 

designed to be part of a remarketing cycle, characterized by regeneration, disassembly, or 

repurposing. 
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This is a vital difference from recycling within a linear economy, which accepts products never 

designed for intentional regeneration and often results in rapid value degradation. This 

downgrading of the quality of the materials limits usability and maintains a linear dynamic, 

from the cradle to the grave of the materials within the economy. How can you create and 

maintain value instead? Thanks to the power of loops, as narrow as possible, as evidenced 

by research by the Ellen MacArthur Foundation, which we illustrate below. 

The closer the system is to direct reuse, meaning the perpetuation of its original purpose, the 

greater the cost savings should be in terms of material, labour, energy, capital and associated 

externalities, such as greenhouse gas emissions, water or substance toxicity. This 

opportunity mainly applies to fast moving consumer goods items, such as packaging, or 

goods that can be reused directly, such as clothing.  

A second way to create value comes from keeping products, components, and materials in 

the circular economy longer. This can be achieved by designing products and systems that 

allow for multiple consecutive cycles or by spending more time within a single cycle. There is 

also an opportunity in the use of waste materials from one chain as a source for another 

process, replacing the influx of virgin material.  

The potential for value creation in these loops is based on the costs of reusing the cascade 

material being lower than the cost of the virgin one. Moreover, it is necessary to anticipate 

the true end-of-life phase of a product in the choice of materials. The design of packaging to 

adapt to both a product and its environment of use (in which it will also be discarded) makes 

sorting, cascading, and recycling much more convenient. This is not a trivial task with an 

increasingly complex packaging technology, particularly in the retail food sector. 

Materially 

As mentioned above, not all materials are equally recyclable. Looking at the components of 

municipal solid waste, the most abundant materials are paper and cardboard, plastic, glass, 

and metals. Their recycling potential is enormous. However, it is necessary to go beyond 

these traditional materials and plan global circular scale-ups for emerging or still largely 

unknown materials, that is to establish systems for materials that will be used in the 

production processes of the future (for example 3D printing), even if the their volumes are 

low today. 
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Ideally there are four main categories of materials to focus on: 

 Golden oldies: materials whose recycling is consolidated and involves high volumes, 

so the challenges are to minimize loss and maintain their quality during processing. 

Paper and cardboard, PET plastic, glass, and steel fall into this category. 

 

 High potential: materials used in high volumes that currently do not have systematic 

reuse solutions, like polymers. Collection rates are limited, and separation of materials 

complicated, moreover it is difficult to keep their quality and purity because of the high 

fragmentation of materials, supply chains and treatment technologies. 

 

 Rough diamonds: large-volume by-products of numerous production processes, such 

as carbon dioxide and food waste, a wide range of innovative technologies is emerging 

to provide added value. 

 

 Future hits: innovative materials with a revolutionary potential, both from allowing a 

substantial improvement in the productivity of materials), and from completely 

restorative use cycles, starting with their design. 

 

 



 
 

12 
 

Plastic is a material often at the centre of news and political debate, think of the problem of 

plastic in seas and oceans. The move to a circular economy cannot ignore the use of 

plastics in consumer goods. The main priority is to rethink how to use it, to move from a 

disposable culture to one of reduction and reuse. Finally, it is necessary to increase its 

recycling, since approximately 50% is placed in landfills or incinerators. 

Fig. 6 A stand full of plastic bottles at the entrance of the EP chamber to raise awareness on plastic recycling - © 
European Union 2012 - European Parliament 

 

There are two main categories of recycled plastics: 

 pre-consumption: recycling of waste elements deriving from the production process 

(moulding, cutting, etc.) for which they are already polymerized but not contaminated 

by other substances; from these it is therefore possible to generate heterogeneous or 

homogeneous plastics of high quality; 

 post-consumer: recycling of plastic elements (sometimes also mixed with other 

materials) deriving from the separate collection of solid urban waste; they need sorting 

and cleaning and often form new patented heterogeneous compounds. 

Mechanical recycling consists in the mechanical processing of plastic objects, collected as 

waste, which thus become secondary raw material to produce new objects, thanks to 

equipment that differentiates, chops, and cleans the plastic waste. This process represents 



 
 

13 
 

one of the possible ways of enhancing thermoplastic polymers, with minimum workability 

requirements for the material. The quality of the products obtained will be highly dependent 

on the quality of the selection made on the recycled product, which is why the industry in the 

sector tries to continuously improve the techniques for selecting recycled materials. On the 

other hand, the mechanical recycling of thermoplastics from the industrial circuit is a 

consolidated activity.  

Chemical recycling consists of a series of thermo-chemical processes which decompose the 

polymer and transform it into new raw materials, such as monomers, oligomers or superior 

hydrocarbons which can be used as building blocks for something new. Chemical recycling 

allows you to recycle plastic when no alternative solutions exist, while mechanical recycling 

is suitable for pure materials only. Waste also contains products that, to increase 

performance, combine several types of plastic materials, or plastic that has residues (e.g. 

food residues on packaging) and plastic that cannot be economically separated.  

The aim is to obtain alternative fuels and chemicals to those of fossil origin, with considerable 

advantages for the environment: the saving of non-renewable sources in the process of being 

depleted, the reduction of CO2 emissions into the atmosphere, the containment of the 

indiscriminate transfer of waste to landfills. Some plastics, by their chemical nature, lend 

themselves better to this kind of treatment: PET polyethylene terephthalate, polyamides 

(commonly identified with the term "nylon") and polyurethanes can be effectively 

depolymerized. 

For recycling to reach its fullest potential it is essential to improve the separate collection 

systems and certification schemes of companies dedicated to collection and sorting. The 

presence of dangerous chemical additives can lead to technical difficulties, so it is extremely 

important to reduce the toxicity of materials. The additive choice today is driven by cost and 

functionality, not by recycling feasibility. Other possible improvements are the standardization 

and simplification of components and materials, limitation of additives and compounds and 

the increase of collection rates, while investing on a global scale in advanced recycling 

technologies. 
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Green chemistry and circular economy: an odd couple? 

Chemistry is the science that systematically studies the composition, properties, and activity 

of organic and inorganic compounds and various elementary forms of matter and in many 

cases, it is closely related to other sciences, such as physics and biology. For that reason, it 

has been applied to all sectors of industrial production (i.e. aerospace, agricultural, 

pharmaceutical, energy, electronics), contributing to industrial success and to general 

economic development. However chemistry is not seen so favourably by the general public 

that considers it dangerous by associating the word chemical to “toxic”; moreover  people 

consider manufacturing processes based on chemistry the source of many world problems, 

as environmental contamination or pollution, high risks on human health, low safety for 

workers and waste disposal.  

Then, at the beginning of the 1990s, the discussion on these topics led to the definition of the 

concept of Green Chemistry. Green Chemistry is defined as the ‘‘design of chemical products 

and processes to reduce or eliminate the use and generation of hazardous substances.’’ 

In the course of the last decades international agreements have been achieved, this resulted 

in the creation of hundreds of programs and task forces on Green Chemistry around the world 

with initial leading programs located in the U.S., United Kingdom, and Italy. These have 

played a significant role in developing sustainable design both in molecule nature and in 

production processes. 

Nowadays, Green Chemistry has a high impact due to the fact that it goes beyond the sole 

research laboratory, touching industry, education, environment, and the general public. 

Following the scientific enthusiasm, teaching initiatives and governmental funding, the 

numbers of Green Chemistry Research Centers have multiplied in the past two decades. 

Many universities offer classes on Green Chemistry and Green Engineering. Some 

institutions offer degrees in the field. Governmental funding in this sector has also increased 

in several countries around the world. 

The topic of Green Chemistry has demonstrated how chemists can operate so that their work 

can be both profitable and good for human health and the environment. The new challenge 

for chemists and other workers in this sector is to design the next generation products, 

processes, and services in order to achieve the societal, economic and environmental 
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standards that are now expected. This requires a completely novel approach aimed to 

simplify processes, reduce the materials and energy consumption, and minimize waste, 

especially if composed by toxic and persistent substances. In the specific synthesis field, 

chemists are called to discover and develop new synthetic routes, using alternative feedstock 

or more selective chemistry, identifying alternative reaction conditions and solvents to obtain 

methods able to satisfy Green Chemistry requirements. 

At same time it is highly recommended using renewable resources and extending the 

durability and recyclability of products. Finally, all these objectives must be realized while 

considering the main input behind any industrial activity: maximum productivity at the lowest 

possible cost. 

Design is one of the fundamental aspects on which Green Chemistry is based. Design means 

the systematical planning of a chemical process, it is never done by accident, on the contrary 

it is purposeful and well thought. To design alternative and sustainable routes the difference 

between “hazard” and “risk” needs to be taken into account, the first term refers to the intrinsic 

properties of a substance or process while the other is a function of the hazard and exposure.  

Moreover, all actions undertaken to satisfy the Green Chemistry conception should be 

inspired to sustainability, that is a balancing merger of environmental protection, social 

responsibilities and economic practices aimed to human race and Earth respect and survival.  

The Green Chemistry framework can be summarized using the three following points: 

 Green Chemistry concerns all stages of the chemical life-cycle; 

 Green Chemistry is going to design the inherent nature of the chemicals and 

processes to reduce their intrinsic hazard; 

 Green Chemistry works as a cohesive system of principles or design criteria. 

To achieve these goals, during the late 90’s, Twelve Principles have been written as 

“guideline rules” useful to chemists and all people potentially involved in various industry 

sectors. Briefly, they constitute an overarching construct for the design of safer chemicals 

and chemical transformations, reducing intrinsic hazards and implementing the sustainability 

of the design itself. They can be globally gathered in three general areas, each regarding a 

specific need/objective of Green Chemistry, such as Waste/Recycle, Health and 

Processing/Energy. More details on the twelve principle are found in the next paragraph. 



 
 

16 
 

They were summarized recently into the more convenient and memorable acronym 

PRODUCTIVELY. 

P Prevent wastes 

R Renewable materials 

O Omit derivatization steps 

D Degradable chemical products 

U Use of safe synthetic methods 

C Catalytic reagents 

T Temperature, Pressure 

ambient 

I In-Process monitoring 

V Very few auxiliary substrates 

E E-factor, maximise feed in 

product 

L Low toxicity of chemical 

products 

Y Yes, it is safe 

 

The Twelve Principles of Green Chemistry were introduced in 1998 by Paul Anastas and 

John Warner. As mentioned in the previous paragraph they are a guiding framework for the 

design of new chemical products and processes, concerning all stages of the process life-

cycle, from the raw materials to the efficiency and safety of the transformation, the toxicity 

and biodegradability of products and reagents used.  

The twelve principles are briefly described and discussed below: 

1. Prevention: it is better to prevent waste than to treat or clean up waste after it has been 

created. 

2. Atom Economy: synthetic methods should be designed to maximize the incorporation 

of all materials used in the process into the final product. 

3. Less Hazardous Chemical Syntheses: wherever practicable, synthetic methods 

should be designed to use and generate substances that possess little or no toxicity 

to human health and the environment.  
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4. Designing Safer Chemicals: chemical products should be designed to affect their 

desired function while minimizing their toxicity. 

5. Safer Solvents and Auxiliaries: the use of auxiliary substances (e.g., solvents, 

separation agents, etc.) should be made unnecessary wherever possible and 

innocuous when used. 

6. Design for Energy Efficiency: energy requirements of chemical processes should be 

recognized for their environmental and economic impacts and should be minimized. If 

possible, synthetic methods should be conducted at ambient temperature and 

pressure. 

7. Use of Renewable Feedstock: a raw material or feedstock should be renewable, rather 

than depleting, whenever technically and economically practicable. 

8. Reduce Derivatives: unnecessary derivatization (use of blocking groups, protection/ 

deprotection, temporary modification of physical/chemical processes) should be 

minimized or avoided if possible, because such steps require additional reagents and 

can generate waste. 

9. Catalysis: catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents. 

10. Design for Degradation: chemical products should be designed so that at the end of 

their function they break down into innocuous degradation products that do not persist 

in the environment. 

11. Real-time analysis for Pollution Prevention: analytical methodologies need to be 

further developed to allow for real-time, in-process monitoring and control prior to the 

formation of hazardous substances. 

12. Inherently Safer Chemistry for Accident Prevention: substances and the form of a 

substance used in a chemical process should be chosen to minimize the potential for 

chemical accidents, including releases, explosions, and fires. 



 
 

18 
 

Fig. 7: The Twelve Principles of Green Chemistry (https://www.compoundchem.com/2015/09/24/green-chemistry/) 
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This brief overview of the principles of the Green Chemistry it is clear how it can intersect, 

collaborate, and grow with and within a circular economy approach. The predilection for clean 

and non-toxic products and solvents, the designing out of waste, the energy efficiency of the 

processes are all common goals of the two visions.   

However, it is important that renewability is not confused with sustainability. We can look, for 

example, at the use of (bio)renewable resources in benign reaction media to develop 

processes and products which promote human health and environmental protection. Using 

edible food crops to produce biofuels is an unsustainable option, even if we are starting from 

renewable sources. On the other hand, the utilization of increasing amount of accumulating 

organic waste as chemical feedstock is viewed as an interesting opportunity.  

It is also important to remember that the source of product (renewability and low-cost origin) 

is only one of the factors contributing to a circular economy. Biodegradability, recyclability 

and potential re-use applications are other major considerations. Sustainability has always 

an economic component, and on this aspect the circular economy framework and the green 

chemistry principles can merge ad operate in an integrated manner. 

By blending together the implementation of renewable and green processes - to achieve high 

production efficiency, yield, and productivity - an efficient use of resources and the reduction 

of waste flows, thus adopting a systemic approach, the objective of green chemistry and 

sustainable development in a circular economy concept becomes possible. A circular 

economy system for a chemical industry could be implemented on different levels by carrying 

out the necessary technological innovation, by creating new business models, and by 

improving stakeholder collaboration.  

In an interesting article by Tse-Lun Chen, Hyunook Kim, Shu-Yuan Pan, Po-Chih Tseng, Yi-

Pin Lin, Pen-Chi Chiang - ‘Implementation of green chemistry principles in circular economy 

system towards sustainable development goals: Challenges and perspectives’- five 

strategies are proposed to  integrate Green Chemistry principles and circular economy: 

1. establishment of cross departmental collaboration,  

2. development of cleaner production and green product, 

3. provision of integrated chemical management system, 
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4. implementation of green chemistry education program, and 

5. construction of a business model.  

The innovative and systemic approach of the circular economy may be the push needed to 

scale up the biobased chemical sectors and, in general, green chemistry. A shift towards 

circularity involves greater attention to sustainable development, from an environmental, but 

also an economic and social point of view, which can translate into a positive impact in the 

implementation of effective chemo and biocatalytic processes and waste use methodologies. 

Significant progress in this direction has already been observed in the use of non-food and / 

or waste-based resources, benign reaction chemistry, novel catalysts and satisfactory 

production efficiency. A coordinated effort by governments, industry experts, academics and 

waste management companies is needed to make the circular economy concept concrete. 


