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Abstract 
Plastics are exceptionally useful materials for all kinds of consumer items, but 

poorly managed plastic waste breaks down in smaller pieces contributing to land and 
ocean pollution with microplastics and nanoplastics. Rapid growth in global plastic 
production over the last decades increased to 368 million metric tonnes in 2019. 
Manufacturers utilize a variety of different plastic materials that each possess unique 
properties. While plastics have been recycled since the 1970s, the quantities that are 
recycled are relatively small. Advances in technologies and systems for the 
collection, sorting and reprocessing of recyclable plastics are creating new 
opportunities. Combined actions of the public, industry and governments can divert 
the majority of plastic waste from landfills to recycling and reuse over the next 
decades. Most popular and commonly used plastics are: PolyΜethyl Methacrylate, 
Polycarbonate, High and Low density Polyethylene, Polystyrene, Polypropylene 
Polyethylene Terephthalate, Polyvinyl Chloride or Vinyl. Some plastics are easily 
recyclable but some are very challenging and need special chemical methods to 
break down their chemical bonds and produce monomers of oil fuels.  Mechanical 
recycling of plastic waste is generally the most cost effective approach, however with 
some limitations. The profitability and economic viability of mechanical recycling 
depends on the type of plastic material and the degree of contamination of the waste 
stream. Additionally, there are many technological applications for chemical recycling 
of plastic waste that are very effective and low cost. Chemical recycling addresses 
the plastic waste that cannot be mechanically recycled for technical or economic 
reasons. Chemical recycling offers a variety of technological solutions for plastic 
waste which is either more contaminated, or mixed and/or consist of multi-materials. 
The thermal and catalytic decomposition of waste plastic through pyrolysis is one of 
the best approaches of handling plastic waste. In the last decade large number of 
research initiatives have developed for biocatalytic technologies to recycle of post-
consumer plastics. Enzymatic biocatalysis has gained increasing attention as an eco-
friendly alternative to conventional plastic treatment and recycling methods. 
Bioremediation of plastics waste using engineered enzymes has emerged as an eco-
friendly alternative approach for the future plastic materials as a form of circular 
economy with low waste and recycled feedstocks. Scientists found that enzymes in 
the wax worm can biodegrade polyethylene (PE), most commonly used in plastic 
bags. Researchers of Spanish National Research Council and the University of 
Cambridge showed that the worms were able to break the polymer chains in PE by 
eating them. The second most important chemical technology, after pyrolysis, is 
gasification, where plastic waste is reacted with gasifying agents at high temperature 
around 500–1300 C. Hydrothermal liquefaction (HTL) is another recycling process 
that emerged for the valorization of biomass and applied to plastic waste recycling to 
provide energy recovery and low molecular weight chemical products. 
 

https://resource.co/article/could-caterpillars-help-solve-world-s-plastic-problem-11811
https://resource.co/article/could-caterpillars-help-solve-world-s-plastic-problem-11811
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Introduction: global plastic production and use 

 
The wide production and use of plastic started in the 1950s and has 

steadily grown ever since. The first synthetic plastic was Bakelite (1907), 

marking the beginning of the global plastics industry. Rapid growth in global 

plastic production over the next decades increased annual plastics nearly 

200-fold to 368 million metric tonnes in 2019. The global plastic market size 

was valued at USD ($) 579.7 billion in 2020 and is expected to expand with an 

annual growth rate of 3.4% from 2021 to 2028. 

[https://www.grandviewresearch.com/industry-analysis/global-plastics-market ]. 

The growing population on Earth (7.9 billions in 2021), coupled with the 

rapid urbanization and industrialization in emerging economies (China, India, 

etc), increased the construction spending for infrastructure needs (houses, 

offices, schools, hospitals, transport, etc) driving the increasing demand for 

plastic in infrastructure, construction applications and vehicular production. 

 

Figure 1. Global plastic production (million of tonnes) has increase 
exponentially in the last decades. A world without plastics, or synthetic 
organic polymers, seems unimaginable today. Plastics produced 368 million 
metric tonnes in 2019. 

 

Polymers and their numerous plastic products from fossil fuels have 

low production costs and can be manipulated to acquire numerous useful 

practical characteristics (strong materials, low weight, acid resistance, and 

show great flexibility in every type of shape and colourful product). Plastic’s 

flexible properties encourage technological innovations in the fields of food 

https://ourworldindata.org/plastics#global-plastic-production
https://ourworldindata.org/plastics#global-plastic-production
https://www.grandviewresearch.com/industry-analysis/global-plastics-market
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preservation, medicine, building technology, aircraft and automobile 

manufacturing. But, the rapid and tremendous consumption of plastic also 

presents numerous environmental problems. A large part of the plastic quickly 

ends up in the industrial and municipal waste. As standard plastic is not 

biodegradable (highly resistant to degradation in air and water), plastic waste 

improperly disposed of pollutes the environment for decades. Plastic items 

are breaking into smaller pieces in the environment and slowly their 

degradable products, microplastics and nanoplastics are dispersed in land 

and in most aquatic environments and oceans. 

While plastic has many valuable uses, humans all over the world have 

become addicted to single-use plastic products, with severe environmental, 

social, economic and adverse health effects. On a global scale, one million 

plastic bottles are purchased every minute, while up to five trillion plastic bags 

are used worldwide every year. In total, 50% of all plastic produced is 

designed for single-use purposes and are thrown away producing an acute 

problem of non-degradable waste. Plastics including microplastics and 

nanoplastics are now ubiquitous in our natural environment, especially in the 

aquatic environment and in particular the oceans. [United Nations 

Environment Programme (UNEP). Our planet is chocking on plastic, 2022, 

https://www.unep.org/interactives/beat-plastic-pollution/ ]. 

 

Figure 2. Plastic pollution is the results of single-use, throw-away plastic 
culture for many decades. Plastic pollution can be seen on sea shores and in 
oceans everywhere. Plastic waste is increasingly polluting the global seas and 
oceans. According to one estimation, by 2050 the oceans could contain more 
plastic than fish by weight. 

https://www.unep.org/interactives/beat-plastic-pollution/
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A typical example is Polyethylene (-CH2-CH2--, PE) which is the most 

common used plastic. In 2017, over 100 million tonnes of PE resins were 

produced annually, accounting for 34% of the total plastics market. PE is 

primarily used in the packaging sector, which includes containers and bottles, 

plastic bags, plastic films, etc. PE showed rising demand for packaged food, 

trays, bottles for milk and fruit juices, crates, caps for food packaging, drums, 

and other liquid food packaging across the world is expected to drive the 

demand for PE in the coming years. [Grand View Research, April, 2021, 

https://www.grandviewresearch.com/industry-analysis/global-plastics-marke ]. 

Plastics are exceptionally useful materials for packaging and all kinds 

of consumer items (in particular food), but poorly managed plastic waste 

contributes to land and ocean pollution. This problem can, in principle, be 

prevented by recycling or biodegratable plastics. But many plastic products 

were not designed for mechanical recycling (involveing melting and 

reprocessing) that produces lower-quality material than the original plastic. 

 

Figure 3. Different types of plastic with their recycling symbols. Polyethylene 
terephthalate (PETE), Polyvinyl chloride (PVC) also known as vinyl (V), 
Polypropylene (PP), Polystyrene (PS). Several polymers which don't have 
their own specific recycling number are classed under category 7 as "other 
plastics". Not all of these are recyclable (Nylon, Polycarbonate, Acrylonitrile 
butadiene styrene, Polyurethane, Urea formaldehyde, Polytetrafluoro 
ethylene, Polymethyl methacrylate or acrylic). ). Unlike organic materials such 
as wood, paper and natural textiles, plastic doesn't decay when exposed to 
wet or damp soil and aqueous conditions for long periods of time. 
 

Plastics are one of the important chemical materials that shaped 

human society in the 20th century. Practically everything that humans are 

using at home and at work on a daily basis is entirely or partly plastic material. 

https://www.grandviewresearch.com/industry-analysis/global-plastics-marke
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All everyday items, such as television, computer, car, house, refrigerator, and 

many other essential products utilize plastic materials. Manufacturers utilize a 

variety of different plastic materials and compounds that each possess unique 

properties and resistance characteristics. 

There are 7 types of plastic. Most popular and commonly used plastics 

are: a) Acrylic or PolyΜethyl Methacrylate (PMMA), b) Polycarbonate (PC), c) 

Polyethylene (PE, HDPE or LDPE), d) Polypropylene (PP), e) Polyethylene 

Terephthalate (PETE or PET), f) Polyvinyl Chloride (PVC) or Vinyl (V), g) 

Acrylonitrile-Butadiene-Styrene (ABS). The types of plastic material that can 

be recycled after use have their own special symbols. 

 
Technological challenges in plastic recycling 
 

Synthetic polymers as industrial feedstock and the numerous plastic 

materials constructed are the most important chemical materials that shaped 

human society in the 20th century. But inefficient plastic waste management 

contributed to widespread and persistent environmental pollution. Recycling is 

one of the most important actions currently available to reduce these impacts 

and represents one of the most dynamic areas in the plastics industry today. 

Recycling provides opportunities to reduce oil usage, carbon dioxide 

emissions and the quantities of waste requiring disposal.  

While plastics have been recycled since the 1970s, the quantities that 

are recycled vary geographically, according to plastic type and application. 

Recycling of packaging materials has seen rapid expansion over the last 

decades in a number of countries. Advances in technologies and systems for 

the collection, sorting and reprocessing of recyclable plastics are creating new 

opportunities for recycling, and with the combined actions of the public, 

industry and governments it may be possible to divert the majority of plastic 

waste from landfills to recycling over the next decades.1 

Recycling of waste plastics still remains a challenging area in the waste 

management sector. Despite our best efforts from industrialists and waste 

management specialists, most recyclable plastics still end up in landfills. Once 

landfilled, plastic materials are mixed with dirt and very slowly break down 

over time; taking hundreds of years to decompose. One approach to reducing 
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landfill waste is to replace common plastics with biodegradable plastics.. The 

polymer structure of biodegradable materials has functionality that is 

metabolized by soil microbes. Although effective for material disintegration, 

this approach precludes monomer recovery, and the long-term effects to the 

environment have not been fully established.2 

There are four approaches to polymer recycling: a) Primary recycling: 

melting and remolding clean, pure materials., b) Mechanical recycling: 

reprocessing plastics that require pretreatment or decontamination., c) 

Chemical or feedstock recycling: breaking materials down chemically to lower-

molecular-weight species for reuse, d) Energy recovery: incineration to 

recover the energy stored in chemical bonds.3 

In contrast to the huge production of 368 million tonnes in 2019, , only 

10% of total worldwide plastic waste has been recycled, while 14% has been 

incinerated and the rest has been discharged to landfills or ended up in the 

environment. Chemical recycling of plastics is an economically and 

environmentally feasible way to convert waste into renewable raw material for 

new  plastic and other value-added products, such as liquid oils, different 

carbon materials, hydrogen, syngas (mixture of H2, CH4, CO, CO2, water 

vapours, etc ) and other valuable chemicals.4 

The various recycling processes that can be used for plastic waste are: 

pyrolysis, reforming, gasification and chemolysis. These processes are 

typically operated at elevated temperatures owning to the chemical inertness 

of plastics at ambient conditions. Most of these recycling applications use 

catalysts that can significantly increase the reaction kinetics and tune the 

product selectivity. However, the industrial implementation of these catalytic 

processes is still hindered by the nature of waste plastics (usually dirty and 

mixed), the value of the recycled materials and the development of catalysts 

with sufficient activity, selectivity, stability and low cost. 

In the last years several scientific reviews were published about 

various chemical recycling methods of waste plastics. A review (2017) 

outlined the depolymerization techniques used by researchers for new 

polymer material production in the context of different types of plastics, 

presenting useful information about the suitable processes which depend on 

the nature of each plastic.5 

https://www.sciencedirect.com/topics/engineering/syngas
https://www.sciencedirect.com/topics/engineering/pyrolysis
https://www.sciencedirect.com/topics/engineering/chemical-inertness
https://www.sciencedirect.com/topics/engineering/depolymerisation
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The academic advances and industrial efforts in plastic chemical 

recycling were examined in a review (by Smith et al., 2020) highlighting the 

potential commercialization of chemical recycling for both hydrolysable and 

non-hydrolysable plastics. It is interesting that in USA only 9% of plastic waste 

was successfully recycled in 2015 indicating the low interest for plastic 

recycling. The major current recycling process is limited by the 

sorting/pretreatment of plastic waste and degradation of plastics during the 

process. Efficient chemical recycling would allow for the production of 

feedstocks for various uses including fuels and chemical feedstocks to 

replace petrochemicals. The review focuses on recycling of 3 important 

polymers PET, PE, and PP.6 

Other recent scientific reviews on plastic recycling have focused on the 

thermochemical  processes, commenting on the chemical reactors and the 

effects of reaction conditions on the products.7,8,9,10,11 Among these reviews 

on plastic recycling there were limited reports on the catalytic processes and 

catalysts used in these technologies for recycling.12,13  

Recently another review (Vollmer, 2020) assessed the most promising 

areas for future research on the chemical recycling of waste plastics, 

concluding that the development of new and advanced catalysts could provide 

an efficient perspective for the future recycling of plastics.14 

 Also, a large number of methods on heterogeneous catalysis for the 

chemical valorization of plastic waste were published in the last years and 

reviewed by Mark et al (2020). The review summarized the impact of textual 

properties of catalysts on plastic conversion.15 

 

Methods of plastic recycling. Recent  developments  

 

Efficient recycling of plastics waste is very important aspect of the 

plastics industry and its transition to the circular economy. The European 

countries and especially in the European Union (EU) plastic recycling and the 

reduction in energy and greenhouse gases emissions (GHG) are very 

important for a sustainable manufacturing process and introducing the 

discarded plastic materials within the circular economy. Recycling plastic 

https://www.sciencedirect.com/topics/engineering/commercialisation
https://www.sciencedirect.com/topics/engineering/thermochemical-process
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waste and creating new plastic materials that can be reused again is a key 

sustainability benefit.16 

Plastics Europe (PE) is leading European trade association with 

centres in Brussels, Frankfurt, London, Madrid, Milan and Paris, comprising of 

more than 100 member companies of plastic production. The PE association 

produces more than 90% of polymer in the 27 European Union members (and 

Norway, Turkey, Switzerland, UK). The PE supports an efficient recycling 

process of used plastics and the inclusion of the plastics industry in the 

circular economy of the future. [https://plasticseurope.org/sustainability 

circularity/recycling/recycling-technologies/].  

 
Mechanical recycling of plastics, most cost effective but with 
limitations  
 

Mechanical recycling of plastic waste is generally the most cost 

effective approach, however with limitations. The profitability and economic 

viability depends on the material that is being recycled and the degree of 

contamination of the waste stream.  

 

Figure 4. Illustrative diagram of mechanical plastic recycling process from 
collection, sorting, shredding, cleaning, melting and extrusion, pelletising (final 
clean flakes)  [Kuzmanocic M, et al. The feasibility of using the MFC concept 
to upcycle mixed recycled plastics. Sustainability 13 (2) 689-, 2021].  
(microfibrillar composites= MFC) 
 

The following recycling processes are very important: 

Collection: separate and mixed waste streams at source,  First sorting: 

further separation by colour, thickness, etc, Shreddding: plastics are 

https://plasticseurope.org/sustainability/
https://thumbs.dreamstime.com/z/illustrative-diagram-plastic-recycling-process-collection-sorting-shredding-cleaning-melting-extrusion-pelletising-to-150250654.jpg
https://thumbs.dreamstime.com/z/illustrative-diagram-plastic-recycling-process-collection-sorting-shredding-cleaning-melting-extrusion-pelletising-to-150250654.jpg
https://thumbs.dreamstime.com/z/illustrative-diagram-plastic-recycling-process-collection-sorting-shredding-cleaning-melting-extrusion-pelletising-to-150250654.jpg
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shredded into smaller pieces., Washing: remove dust and dirt, plastic clean 

for the next phase, Second sorting: and control, sorted again and controlled 

before sent to extrusion, Extrusion: plastic flakes (or granules) are converted 

into homogeneous pellets (flakes) ready to use in the manufacture of new 

plastic materials. 

Other factors that affect overall costs and should be taken into account 

include collection fees, transportation fees, efficiency of the process, type of 

material, etc. It is most effective if combined with additional techniques, but 

there are limitations on the quality of the plastic material obtained, strongly 

associated with the purity of the plastic waste and the type of plastic. 

Mechanical recycling of plastic represents the majority of industrial 

activity in Europe. The most important polymers recycled are plastics like 

polyethylene terephthalate (PET) and high-density polyethylene (HDPE). PET 

and HDPE are typically used to make soft drinks bottles or containers, and 

are relatively easy to recycle. Mechanical recycling refers to the processing of 

plastics waste into secondary raw material or products without significantly 

changing the material’s chemical structure. In principle, all types of 

thermoplastics can be mechanically recycled with little or no impact on quality. 

Mechanical recycling is the most widespread form of recycling and represents 

the majority of activity in Europe. 

 

  

Figure 5. The process of mechanical recycling of plastic waste is the most 
widespread method. Plastic waste is sorted, washed, shredded, and heated 
back into resin pellets, with the actual molecular structure remaining intact. 
The pellets can be used to produce recycled plastic materials with very good 
properties like the original plastic produced from fossil fuels.  
 



 

10 
 

Mechanical recycling of plastic in Europe 

The European countries have a highly efficient and well regulated 

management of plastic waste. In 2019 just above 30%of the total plastic 

waste (29 million tonnes) every year was collected for recycling. Also, 43% of 

plastic waste in Europe is incinerated for the production of energy, and 25% of 

plastic waste is still landfilled. Even if current recycling rates continue to grow 

linearly, 56% of the estimated plastic waste will still not be recycled in 

2050.17,18,19 

In European Union countries recycling targets are supported by the 

legal framework which is, the Waste Framework Directive 2008/98/EC (WFD), 

the Packaging and Packaging Waste Directive 94/62/EC (PPWD) and the 

Landfill Directive 1999/31/ EC (indirectly). EU legislation poses new 

requirements to the plastics and recycling industry, extending the share of 

recycling over time. In May 2018, a new European waste legislation package 

was adopted, which sets out new legally binding targets for recycling, within 

the EU’s drive towards a Circular Economy. General recycling targets for 

municipal waste have been set at 55% by 2025, and 60% by 2030. General 

targets for plastic packaging waste have been set at 50% by 2025 and 55% 

by 2030. The legislation, which enshrines the waste hierarchy into European 

law, also contains a landfill reduction target, and sets minimum requirements 

for Extended Producer Responsibility (EPR).20,21 

  

 
Figure 6. Most of the developed industrial countries (OECD) have a highly efficient 

and well regulated management of plastic waste. In the last decade more than 30%of 
the total plastic waste every year was collected for recycling. 
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Plastic recycling in the USA, China, Japan etc 

 

The rate of plastic waste recycling in the USA fell to between 5%-6% in 

2021 as some countries stopped accepting U.S. waste exports and as plastic 

waste generation surged to new highs, according to a report released on 

Wednesday. The report by environmental groups Last Beach Clean Up and 

Beyond Plastics shows the recycling rate has dropped from 8.7% in 2018, the 

last time the Environmental Protection Agency (EPA) published recycling 

figures for the USA.22  

The decline coincides with a sharp drop in plastic waste exports, which 

had counted as recycled plastic. China and Turkey have since implemented 

plastic import bans and other countries set plastic waste contamination limits 

under the Basel Convention Plastic Waste Amendments, which the United 

States did not ratify in 2019. 

In the United States, waste is generally managed and leakage to 

marine environments is low—but recovery rates for packaging and food-

service plastic are about 28% (split between mechanical recycling and waste-

to-energy), compared with 90% in other leading industrialized countries, such 

as Germany and Japan. The United States recycled 69 million tonnes of 

municipal solid waste in 2018. Of this total, plastics accounted for 4.4 %. The 

material that represented the largest share of recycling was paper and 

paperboard, at 66 %. 

China recycling of plastic waste. Ban of imports in 2017 

China and USA are both the biggest producers and consumers of 

plastic in the world.  The average American in 2016 produced 130 kl of plastic 

waste per year and the country generated more than 42 million metric tons of 

plastic. In comparison, China produced a total of 21 million metric tons of 

plastic waste in 2016, which amounted to an average of 15.6 kilograms per 

capita [https://www.statista.com/statistics/1228043/plastic-waste-generation-

per-capita-in-select-countries/].. 

China has a very active recycling waste programme (Reuters, 

Shanghai, 15.9.2021, https://www.reuters.com/world/china/china-ramp-up-

recycling-incineration-new-plastic-pollution-push-2021-09-15/). As the big 

https://www.statista.com/statistics/1228043/plastic-waste-generation-per-capita-in-select-countries/
https://www.statista.com/statistics/1228043/plastic-waste-generation-per-capita-in-select-countries/
https://www.reuters.com/world/china/china-ramp-up-recycling-incineration-new-plastic-pollution-push-2021-09-15/
https://www.reuters.com/world/china/china-ramp-up-recycling-incineration-new-plastic-pollution-push-2021-09-15/
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consumer of plastic materials China will boost its plastic recycling and 

incineration capabilities, promote "green" plastic products and take action 

against the overuse of plastic in packaging and agriculture, it said in a 2021-

2025 "five-year plan". China produces more than 60 million tonnes of plastic a 

year, but its recycling rate is only around 30%. To try to tackle the waste 

problem, China has already encouraged major cities to introduce trash sorting 

policies, build industrial-scale recycling plants and ban restaurants and e-

commerce platforms from using single-use plastic straws and shopping bags. 

Since the late 1990s, the trend of plastic waste shipment from 

developed to developing countries has been increasing. In 2017, China 

announced an unprecedented ban on its import of most plastic waste, 

resulting in a sharp decline in global plastic waste trade flow and changes in 

the treatment structure of countries, whose impacts on global environmental 

sustainability are enormous but yet unexamined. 

China was the main importing country of plastic waste and the largest 

plastic producer in the world. Before the ban, Chinese annual imports of 

plastic waste reached 8.88 million tons, with as much as 70.6% buried or 

even mismanaged, triggering a series of environmental problems. To mitigate 

this situation, on July 27, 2017, China issued a new ban named Prohibition of 

Foreign Garbage Imports: the Reform Plan on Solid Waste Import 

Management, banning its import of 24 types of solid waste which included 

plastic waste. This abrupt ban prompted changes in both the short and long 

run in global plastic waste trade flow patterns as well as plastic waste 

treatment systems and mechanisms in many countries. From a global 

sustainability perspective, the resulting environmental impacts require serious 

quantitative estimate.  

Before the ban, mainland China was undoubtfully the single largest 

importer of plastic waste, importing about 55.7% of world’s plastic waste 

(14,304,561 tons for the world). Hong Kong, China, was one of the most 

prominent transshipment ports for plastic waste destined for mainland China, 

transferring about 3,184,176 tons of plastic waste per annum (22% of world’s 

trades) to China. The USA, Japan and seven European countries, 

respectively exported 78%, 87%, and 57% of plastic waste to China (including 

Hong Kong). In addition, five Southeast Asian countries were also 
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destinations for plastic waste. Polyethylene (PE) accounted for 37% of the 

plastic waste trade flow among the 18 sample countries (11,404,697 tons in 

total) and ranked first. Polypropylene (PP), polyethylene terephthalate (PET), 

and others accounted for 23%, 12%, and 14% respectively, while polystyrene 

(PS) and polyvinyl chloride (PVC) were under 8%. The market share of PE in 

Hong Kong was as high as 46%.23 

According to OECD (22/02/2022) the world is producing twice as much 

plastic waste as two decades ago, with the bulk of it ending up in landfill, 

incinerated or leaking into the environment, and only 9% successfully 

recycled. The Global Plastic Outlook (Organization of Economic Cooperation 

and Development, OECD, https://www.oecd.org/ environment/plastic-

pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-

short.htm, 2022) shows that as rising global population and incomes drive a 

relentless increase in the amount of plastic being used and thrown away.  

Almost half of all plastic waste is generated in OECD countries, according to 

the Outlook. Plastic waste generated annually per person varies from 221 kg 

in the United States and 114 kg in European OECD countries to 69 kg, on 

average, for Japan and Korea. Most plastic pollution comes from inadequate 

collection and disposal of larger plastic debris known as macroplastics, but 

leakage of microplastics (synthetic polymers smaller than 5 mm in diameter) 

from things like industrial plastic pellets, synthetic textiles, road markings and 

tyre wear are also a serious concern. Globally, only 9% of plastic waste is 

recycled while 22% is mismanaged.24 

On a global scale, plastic consumption has quadrupled (X4) over the 

past 30 years, driven by growth in emerging markets (developing countries). 

Plastics account for 3.4% of global greenhouse gas emissions. Global plastic 

waste generation more than doubled from 2000 to 2019 to 353 million tonnes. 

Only 9% of plastic waste is recycled (15% is collected for recycling but 40% of 

that is disposed of as residues). Another 19% is incinerated, 50% ends up in 

landfill and 22% evades waste management systems and goes into 

uncontrolled dumpsites.24 

 

 

https://www.oecd.org/%20environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm
https://www.oecd.org/%20environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm
https://www.oecd.org/%20environment/plastic-pollution-is-growing-relentlessly-as-waste-management-and-recycling-fall-short.htm
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Chemical recycling technologies of plastic waste 

After the common and widespread use of mechanical recycling of 

plastic waste, Chemical Recycling is an umbrella term which covers different 

technologies with varying potential to contribute to the circularity of plastic 

waste. There is a fragmented knowledge about the fate of substances of 

concern in various chemical recycling processes, and a paucity of scientific 

papers discussing regulatory issues in chemical recycling.25 

The ECHA study (2021) focused on the European Union situation and 

developments in chemical recycling, although relevant studies from other 

countries have been reviewed where appropriate. The review covered 229 

research and grey literature sources, including 113 papers in scientific 

journals, 8 books, 21 websites and 87 publications of other types (reports by 

governmental agencies, consultancies and non-profit organisations, strategic 

and legislative documents). The review was limited to literature published 

since 2015 to collect the most recent information. 

Despite the technological problems chemical recycling can 

complements mechanical recycling of plastic waste. The European target of 

50% recycling of plastic waste by 2025 cannot be achieved only by 

mechanical means. Chemical recycling of plastic on an industrial scale must 

be developed and fully harnessed to support achieving these targets. The EU 

Chemicals Strategy for Sustainability aims at preventing or minimizing the 

presence of hazardous substances in recycled materials in order to achieve 

sustainable and safer circular economy for plastics. Chemical recycling can 

play a key role in eliminating those chemicals, thus ensuring hazardous-free 

and safe products that contain recycled materials. Chemical recycling enables 

recycling of a wider range of waste plastics than traditional, mechanical 

recycling. Through chemical recycling, also coloured, multilayer and mixed-

material plastic waste can be liquefied in a thermochemical liquefaction 

process, which turns them into a material similar to crude oil. Liquefied and 

pretreated waste plastic can be used to partly replace crude oil as refinery raw 

material. The plastics and chemicals based on chemical recycling are of high 

quality. They can be used without limitations even in sensitive and demanding 

applications, such as in direct food contact, toys and in pharmaceutical, 



 

15 
 

healthcare and automotive applications. [Chemical Recycling Europe 

https://www.chemicalrecyclingeurope.eu/copy-of-about-chemical-recycling].  

Chemical recycling addresses the plastic waste that cannot be 

mechanically recycled for technical or economic reasons.  Chemical recycling 

offers a variety of solutions for plastic waste which is either more 

contaminated, or mixed and/or consist of multi-materials. 

Various types of chemical recycling of plastic waste have been 

developed in the last decades: pyrolysis, gasification, hydro-cracking, 

depolymerisation. Long hydrocarbon chains are broken into shorter 

hydrocarbon fractions or monomers using chemical, thermal or catalytic 

processes. Chemical recycling for shorter molecules can be used as 

feedstock for recycled plastics. and other useful industrial chemicals.  

Depolymerisation mostly focuses on monostreams independently sorted by 

plastic types: PET (including fibers), PA, PU, PMMA and PLA.  

Pyrolysis and hydrothermal upgrading mostly focus on mixed polymers 

(including multilayers, multi-materials within controlled limits): LDPE, HDPE, 

PP, PS,  and 

Gasification mostly focuses on mixed polymers. 

Dissolution recycling: purification process, mixed plastic waste is selectively 

dissolved in a solvent allowing to be separated from waste and recovered in a 

pure form, PVC, polystyrene and nylon (PA) of polypropylene (PP)  

Biocatalysis: controlled microbiological or enzymatic treatment of 

biodegradable plastic waste. Biocatalysis is eco-friendly and can become an 

emerging solution for recycling the global plastic waste. 

 

Catalytic and thermal pyrolysis for plastic waste recycling  
 

The thermal and catalytic decomposition of waste plastics through 

pyrolysis is one of the best approaches of handling plastic waste and most 

prospective alternative of converting waste to wealth by transforming the 

waste plastics into lighter fuel oils which has potential to at least replenish 

petroleum resources, if not replace the fossil fuels through this process of 

recycling. A recent review aims to cover the recent highlights in the field of 

https://www.chemicalrecyclingeurope.eu/copy-of-about-chemical-recycling
https://www.sciencedirect.com/topics/engineering/pyrolysis
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waste plastics pyrolysis including critical observations from the past to provide 

precise understanding.26 

 

Figure 7. Conventional plastic recycling pyrolysis plant. Five Tonnes of Waste 
Plastic To LDO (Fuel) Plant Continuous Type, Automation Grade: Semi-
Automatic (India). 
 

A recent paper produced a systematic literature review of pyrolysis-

related articles on recycling of plastic by pyrolysis in the Web of Science 

database published between 2001–2020. The review showed 670 papers. 

The results of the survey highlighted the directions of plastic pyrolysis 

research based on the following hot topics: i) kinetic triplets as a vital 

component of plastic pyrolysis and scaling up processes, ii) catalysts 

syntheses and performance, iii) co-pyrolysis of plastic/biomass mixtures, and 

iv) reactor design and reaction parameters. Researchers concluded that their 

study showed that plastic pyrolysis progress remain a major area of research 

for chemists and engineers in the coming decade and a powerful tool for 

environmental management of plastic waste. Also, they concluded that 

despite the great promise of plastic pyrolysis, several bottlenecks still limit its 

industrial scaling and worldwide adoption, such as the high energy input 

needed to achieve complete plastic conversion, the relatively poor 

understanding of kinetic reactions and corresponding mechanisms, and 

limited results in terms of real waste experiments. These methods need future 

investment in applied research and the construction of new facilities.27 

It has been proved experimentally that that recycling of plastic waste by 

catalytic pyrolysis has great potential to convert plastic waste into oil and to 
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achieve maximum economics and environmental benefits. Usually catalysis 

process of several types of plastic waste as single or mixed ratio in the 

presence of catalyst. From literature reviews, recycling of plastic by pyrolysis 

is the best method to resolve the issues of good alternative fuel and waste 

plastic management.28  

Catalytic pyrolysis is considered as a new recycling method that has 

the characteristics of high efficiency, environmentally benign, with no 

secondary pollution and high product utilization value. A recent paper 

reviewed the progress of catalysts used in the catalytic pyrolysis of waste 

plastics and petroleum sludge. The paper elucidated the catalytic mechanism 

of pyrolysis and the challenges facing by catalytic conversion of the waste 

polymers.29 
 

Extensive research has been carried in the last decade for 

thermochemical conversion (pyrolysis) technologies of mixed waste plastics 

(MWP) into transport engine fuel. A recent review summarised research 

findings of over 280 research papers, emphasising pyrolysis technologies and 

their product yields, qualities, challenges and opportunities. The review 

investigated the suitability of pyrolysis oil for automobile engine application 

and summarised the experimental findings of diesel engine performance and 

emission characteristics. Also, the review discussed the techno-economic 

assessment and key challenges for commercial fuel production from plastic 

pyrolysis. Pyrolysis of MWP produced oil yields of up to 90% by weight, and 

excellent fuel properties in the pyrolysis temperature range of 500 °C−550 °C. 

Polystyrene (PS) produced the highest oil yield of 97%, followed by low-

density polyethylene (PE), high-density polyethylene (HDPE) and 

polypropylene (PP).30 

Waste plastic (WP) management, is a great challenge in today’s world 

and especially in the industrial plastic producers..The high demand for plastic 

inevitably increased demand for plastic recycling and reuse. Research has 

shown that this demand increases yearly. Potentially, the majority of plastic 

types and their wastes are considered a wealth, and numerous studies have 

explored the pyrolysis methodology to recycle the most important polymer 

waste. A recent critical review, contacted an extensive investigation on waste 

plastics thermal pyrolysis (WPTP). The review estimated the factors that 
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affect the product’s yield and selectivity and a comparative quality guarantee 

of WPTP is examined. Also, the review put emphasis on the significant role of 

co-pyrolysis of plastics with biomass and the influence of mixed waste plastics 

in pyrolysis processes.31 

Scientists support the notion that chemical recycling of solid plastic 

waste (SPW) is a paramount opportunity to reduce marine and land plastic 

pollution and to incorporate the circular economy principle in this field.  

Chemical recycling technologies based on pyrolysis and gasification are 

leading the way because of their robustness and good economics. Also, 

pyrolysis will realize the potential reduction of GHG emissions. The thermal 

processes of plastic waste supports the potential of pyrolysis and gasification, 

but calls for accurate assessment through fundamental experiments and 

models for the best treatment. Complex and variable polymer mixtures are 

strongly sensitive to the process design and conditions: temperature, 

residence time, heating rates – severity, mixing level, heat and mass transfer 

strongly affect the thermal degradation of SPW and its selectivity to valuable 

products.32  

 

Plastic recycling by biocatalysis. Catalytic degradation of 
plastic waste by enzymes 

 

Biocatalysis is the chemical process through which enzymes or other 

biological catalysts perform catalytic reactions between polymeric organic 

components. Biocatalysis has been used widely in the pharmaceutical 

industry to make small molecule drugs. According to some scientists 

biocatalysis can become an emerging solution for recycling the global plastic 

waste challenge. Plastic waste has caused immense environmental 

challenges (involving microplastics and nanoplastic) in the oceans. 

Biocatalytic depolymerization by enzymes has progressed very fast as an 

efficient and sustainable alternative for plastic recycling. 

A large number of research initiatives have developed recently for 

biocatalytic technologies to recycle of post-consumer plastics. Enzymatic 
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biocatalysis has gained increasing attention as an eco-friendly alternative to 

conventional plastic treatment and recycling methods.33 

 

 

Figure 8. Combination of the plastic-eating enzymes with existing ones that 
break down natural fibres could allow a wide range of materials to be fully 
recycled, which when used industrially might help recycling plastics more 
easily than producing them from the continually exhausting fossil fuels. 
[https://medium.com/@srushchaudhari24/plastic-degradation-upgraded-
33943c1456ec ]. 
. 

A large number of research initiatives have developed recently for 

biocatalytic technologies to recycle of post-consumer plastics. Enzymatic 

biocatalysis has gained increasing attention as an eco-friendly alternative to 

conventional plastic treatment and recycling methods.33 

Research projects have discovered various microbial plastic-degrading 

enzymes that represent promising biocatalyst candidates for plastic 

depolymerization. Considering the ubiquity of plastics in different ecosystems 

and the tremendous metabolic and genetic diversity of microorganisms, 

microbial communities in various habitats have likely evolved capabilities in 

plastic decomposition and utilization. The plastic-degrading enzymes 

identified so far might only account for a small portion of the enzymes relevant 

to plastic depolymerization in the environment. Therefore, it is of ever-growing 

interest to explore diverse environments to discover new plastic-degrading 

enzymes with desirable properties and functionalities. However, naturally 

occurring plastic degrading enzymes are not well suited for synthetic plastic 

degradation in industrial applications due to poor thermostability and low 

https://medium.com/@srushchaudhari24/plastic-degradation-upgraded-33943c1456ec
https://medium.com/@srushchaudhari24/plastic-degradation-upgraded-33943c1456ec
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catalytic activity. Particularly, synthetic plastic materials usually possess 

distinct physical and chemical properties (e.g., high crystallinity) that render 

them more resistant to enzymatic attack than biogenic polymers. Therefore, 

protein engineering has been increasingly utilized to construct plastic-

degrading enzymes with better catalytic efficiency and stability. 

Enzymatic conversion of plastic waste could operate under reaction 

conditions with lower temperature and pressure than the chemical recycling 

processes, thus significantly reducing the energy and reagent consumption. 

More importantly, it opens up a new avenue for ‘upcycling’ processes. 

Enzyme biocatalysis depolymerizes plastic substrates into oligomers and 

monomers which can be recovered as raw materials to manufacture new 

plastic products or synthesize other value-added chemicals in a circular 

economic manner. A vast majority of the enzymes reported so far degrade 

hydrolyzable plastics, such as polyesters, polyamides (PAs), and 

polyurethanes (PUs). These hydrolyzing enzymes primarily belong to 

carboxylic ester hydrolases family, such as cutinases, lipases, and 

carboxylesterases.34,35,36 

The most abundant and problematic plastic types, that comprise >60% 

of the market share, are still largely considered to be non-biodegradable. 

These polymers include polyethylene (PE), polypropylene (PP), polystyrene 

(PS), and polyvinyl chloride (PVC), are completely devoid of functional 

groups. As a result, they are resistant to hydrolysis with common biological 

enzymes and can only be broken down via high-energy oxidation reactions. 

Although are extremely difficult to degrade biologically, scientists have 

discovered few enzymes that are capable of oxidizing these high-energy 

structures to any significant extent. Hydrolyzable plastics PET and PU 

(polyurethane) are more easily attacked by hydrolytic enzymes because of the 

functional bonds in their structure. The non-hydrolyzable plastics PE, PP, PS, 

and PVC are more resistant to enzymatic degradation because they require 

oxidation of inert backbone chains. A recent review examined a series of papers 

on non-hydrolyzable plastics, which are extremely resistant to biological 

cleavage by enzymes, although there are limited scientific reports on methods 

and enzymes that are able to degrade them.37 
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In the last decade, research efforts have made significant advances in 

discovering and engineering plastic degrading enzymes, showing the great 

promise of enzyme biocatalysis for sustainable plastic treatment and 

recycling. A recent review highlighted the up-to-date progress on the 

discovery of novel plastic-degrading enzymes by using state-of-the-art omics-

based methods and the optimization of plastic-degrading enzymes via a 

variety of protein engineering strategies. The review provided a holistic view 

of the current stage and emerging trends in obtaining innovative and effective 

biocatalysts for plastic degradation, which will inspire future research. The 

biocatalytic-enzymatic recycling has many critical challenges to face at the 

moment for plastic depolymerization and recycling. The review discusses 

future research prospects and challenges in plastic recycling.38 

 In the last decade various microbial plastic-degrading enzymes have 

been discovered, representing promising biocatalyst candidates for plastic 

depolymerization. Considering the ubiquity of plastics in different ecosystems 

and the tremendous metabolic and genetic diversity of microorganisms, 

microbial communities in various habitats have likely evolved capabilities in 

plastic decomposition and utilization. The plastic-degrading enzymes 

identified so far might only account for a small portion of the enzymes relevant 

to plastic depolymerization in the environment. Therefore, it is of ever-growing 

interest to explore diverse environments to discover new plastic-degrading 

enzymes with desirable properties and functionalities. Naturally occurring 

plastic-degrading enzymes are not well suited for synthetic plastic degradation 

due to poor thermostability and low catalytic activity.38,39 

Scientists (in 2016) sifting through debris of a plastic bottle recycling 

plant discovered a bacterium that can degrade PET. The organism has two 

enzymes that hydrolyse the polymer first into mono-(2-hydroxyethyl) 

terephthalate and then into ethylene glycol and terephthalic acid to use as an 

energy source. One enzyme in particular, PETase, has become the target of 

protein engineering efforts to make it stable at higher temperatures and boost 

its catalytic activity. A scientific team (Prof. Hal Alper) from the University of 

Texas at Austin in the US has created a PETase that can degrade 51 different 

PET products, including whole plastic containers and bottles. A neural 

network helped the team decide how to modify the protein scaffold. The 

https://www.chemistryworld.com/news/plastic-eating-bacteria-show-way-to-recycle-plastic-bottles-sustainably/9556.article
http://utw10252.utweb.utexas.edu/
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algorithm was first trained on 19,000 proteins of similar size, though of very 

different functionalities. For each of PETase’s 290 amino acids, the program 

checked whether it fits well within its immediate structural environment 

compared with other proteins. An amino acid that isn’t a good fit may be a 

source of instability, and the algorithm suggests a different amino acid in its 

place. Researchers have used a structure-based, machine learning algorithm 

to engineer an active PET hydrolase that can break down PET plastics.40  

Bioremediation of plastics waste using engineered enzymes has 

emerged as an eco-friendly alternative approach for the future plastic circular 

economy. A group of scientists genetically engineered a thermophilic 

anaerobic bacterium, Clostridium thermocellum, to enable the secretory 

expression of a thermophilic cutinase (LCC), which was originally isolated 

from a plant compost metagenome and can degrade PET at up to 70°C. This 

engineered whole-cell biocatalyst allowed a simultaneous high-level 

expression of LCC and conspicuous degradation of commercial PET films at 

60°C. After 14 days incubation of a batch culture, more than 60% of the initial 

mass of a PET film was converted into soluble monomer feedstocks, 

indicating a markedly higher degradation performance than previously 

reported whole-cell-based PET biodegradation systems using mesophilic 

bacteria or microalgae. The results provided clear evidence that, compared to 

mesophilic species, thermophilic microbes are a more promising synthetic 

microbial chassis for biodegradation of PET plastic waste.41 

 

Major international companies in 2019 supported the 
enzymattic plastic recycling waste solution  
 

The world’s first enzyme technology for the recycling of plastics is 

being backed by a global consortium of key stakeholders. Nestlé Waters, 

PepsiCo and Suntory Beverage & Food Europe have entered into a major 

partnership with beauty product producer L’Oréal to facilitate the industrial-

scale market launch of the new enzymatic technology. This technology has 

been developed by Carbios, a company pioneering new, bio-industrial 

solutions to reinvent the lifecycle of plastic and textile polymers. 
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Scientists found that enzymes in the wax worm, the larvae of the 

greater wax moth, could hold the key to the biodegradation of polyethylene 

(PE), most commonly used in plastic bags. Research from the Spanish 

National Research Council and the University of Cambridge showed that the 

worms were able to break the polymer chains in PE plastic by eating them. 

 

Figure 9. Carbios uses fermentation to allow enzymes to break down PET 
plastic waste. The Consortium backing Carbios’ new technology is the latest 
attempt on the part of major international companies to take action on plastic 
waste and pollution. In 2019 more than 290 global organisations – 
representing 20% of all the plastic packaging produced globally – signed up to 
the New Plastics Economy Global Commitment.. 
 

The enzymatic process utilises highly specific enzymes that break 

down PET plastic waste into its original building blocks. The use of enzymes 

facilitates a broader recycling of PET plastics and polyester fibres feedstock 

than other recycling technologies can achieve. At the end, recycled PET is 

produced, equivalent to virgin PET, which can be used for applications like 

bottles and other forms of packaging. This biological approach can handle all 

forms of PET plastics (clear, coloured, opaque and multilayer) and polyester 

fibres. The process requires limited heat and no pressure or solvents, which 

reduces the process’ environmental footprint. The new four-year partnership 

will see the consortium partners work to bring Carbios’ technology to market 

and increase the availability of high-quality recycled plastics to fulfil their 

sustainability requirements. 

Meanwhile, the Alliance to End Plastic Waste was launched in January 

2019 (more than 25 international businesses) committed to investing $1 billion 

https://resource.co/article/could-caterpillars-help-solve-world-s-plastic-problem-11811
https://resource.co/article/could-caterpillars-help-solve-world-s-plastic-problem-11811
https://resource.co/article/could-caterpillars-help-solve-world-s-plastic-problem-11811
https://resource.co/article/nearly-300-companies-agree-eradicate-plastic-waste-its-source-12928
https://resource.co/article/1bn-alliance-launched-end-plastic-waste-13046
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over the next 5 years in recycling infrastructure, research and waste clean-up 

in order to address the world’s plastic problem. [Resource, 30.4.2021, 

https://resource.co/article/global-firms-back-enzyme-plastic-waste-solution   ] 

 

Gasification for chemical recycling of plastic waste 

The second most important chemical technology for plastic waste 

recycling is gasification. In the case of pyrolysis, plastic waste is heated at 

temperature around 300–650 C in the absence of O2 to produce oil fuel. 

However, in gasification, plastic waste is reacted with gasifying agent (e.g., 

steam, oxygen and air) at high temperature around 500–1300 C, which can 

produce synthesis gas or syngas (mixture of H2, CH4, CO, CO2, water 

vapours, etc). It can be observed that the main difference of these methods is 

the obtained product. Gasification of plastic waste has been focused in this 

work since syngas can be further used to produce many products and fuel for 

fuel cell to generate electricity. 

 

Figure 10. Gasification chemical recycling of plastic waste is capable of 
decomposing a mixture of various kinds of plastics and impurities, which 
presents difficulties for other recycling methods, into the molecular level and 
regenerating various chemical materials. It should contribute to substantial 
improvement of the recycling ratio. [Kunstoffe 12.9. 2019, 
https://en.kunststoffe.de/a/news/recycling-of-plastic-waste-270021 ]. 
 

https://resource.co/article/global-firms-back-enzyme-plastic-waste-solution
https://en.kunststoffe.de/a/news/recycling-of-plastic-waste-270021
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Gasification of plastic is very different from incineration. Incinerators 

burn waste (including plastic waste) with plenty of oxygen and use the heat 

to generate electricity or hot water. Waste plastic gasification is a chemical 

process where waste is heated in a low-oxygen environment to the point that 

it breaks down into its constituent molecules. Gasification produces two 

products: a combustible gas called syngas and inert slag or char. Depending 

on how it is processed, syngas can be used directly for electricity 

generation, or it can be refined into a variety of valuable products including 

diesel, hydrogen, and useful chemicals. The option of refining syngas into 

synthetic fuels that can power internal combustion engines makes 

gasification a far more flexible waste recycling solution than incineration, 

which is limited to producing electricity and heat. Gasification is also the 

more efficient option for electricity generation. Syngas can also be cleaned 

of contaminants pre-combustion, making it safer for the environment than 

incineration with post-combustion emissions controls. 

Gasification of plastic waste has been identified as an attractive 

technology for chemical recycling because as a thermochemical process that 

principally converts any carbonaceous fuel into a chemically simple product 

(normally gas) with a usable heating value. The product synthesis gas (or 

syngas), can be used for chemical synthesis of various fuels and chemicals, 

and finally even new plastic raw materials. Gasification is a technology that 

enables chemical recycling of the most complex plastic wastes and 

problematic waste to a more easily used gas fuel, which can be used as e.g. 

reduction gas in iron making or as a fuel gas for all kind of heating purposes. 

A comprehensive review (2018) collected papers on several gasification 

technologies that have been developed over the years, mainly intended for 

gasification of coal and/or biomass with their advantages and 

disadvandages.42 

 A recent paper (2021) summarized the results from comparative tests 

of combustion and gasification of two complex plastic wastes: The results 

showed that gasification efficiencies corresponded to about 80% and 60%, 

respectively. Gasification of plastic waste resulted in lower yields of 

carcinogenic substances, such as polychlorinated dibenzo-p-dioxins and 

https://www.sierraenergy.com/technology/knowledge-base/gasifier-outputs/syngas/
https://www.sierraenergy.com/technology/knowledge-base/end-products/valuable-end-products/
https://www.globalsyngas.org/syngas-production/waste-to-energy-gasification/
https://www.globalsyngas.org/syngas-production/waste-to-energy-gasification/
https://www.globalsyngas.org/syngas-production/waste-to-energy-gasification/
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermochemical
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/synthesis-gas
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/comparative-test
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dibenzofurans (PCDD/F) compared to direct combustion. Most of the PCDD/F 

(>99%) was captured along with particulate matter (soot) during gasification.43  

 Catalytic pyrolysis and gasification are at present the leading 

technologies for recycling plastic waste and other types of solid municipal 

waste. These methods are flexible, robust and have economic advantages. 

For 40 years scientists have studied the detailed kinetics, fluid dynamics and 

transport modeling for pyrolysis and gasification of solid plastic waste. It is 

hoped that in the future will be better understanding of the chemical kinetics 

and will lead to innovative reactor designs for the industrial scale 

implementations.44 

 

Hydrothermal liquefaction (HTL) of plastic waste 
 

Hydrothermal liquefaction (HTL) is a recycling process that emerged 

for the valorization of biomass. In the last decade the method has been 

applied to plastic waste recycling to provide energy recovery and low 

molecular weight chemical products. Hydrothermal liquefaction takes place in 

water at near- and supercritical conditions (Tc = 374 C, Pc = 22 MPa). The 

reduced dielectric constant of water at these conditions enables it to act as a 

good solvent for non-polar organic compounds. Under these conditions, water 

can act as a reactant as well as a catalyst for an array of organic chemical 

reactions that are acid- or base-catalyzed. Free radical reactions are more 

pronounced in subcritical water and ionic reactions can occur in hydrothermal 

liquefaction systems.45,46,47 

Compared to pyrolysis and gasification, hydrothermal processing of 

plastics at supercritical water (SCW) conditions has only scarcely been 

investigated and is starting to attract more interest in recent years. Under 

subcritical or supercritical conditions water retains an immense amount of 

energy that can break the carbon-carbon bond of organic components. During 

the HTL process, a series of hydrothermal cracking, hydrolysis, free radical 

reaction, nucleophilic substitution, and cyclization reactions occur in the 

reaction medium that converts the waste plastics matrix into monomers or 

chemical feedstock.48 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dibenzofuran
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/particulate-matter
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Solvolysis, depolymerisation for recycling plastic waste 

The depolymerisation recycling process starts with an initial step 

where plastic waste is sorted and prepared for further processing. The 

depolymerisation process – often referred to as chemolysis or solvolysis – 

uses different combinations of chemistry, solvents and heat to break down 

polymers into monomers. In the following step, potential contaminants 

(found in the plastic waste) are isolated from the monomers for removal. The 

clean monomers are then fed back into the normal plastic production 

processes as a secondary raw material. The plastics produced this way are 

of similar quality than those made from traditional fossil resources.  

[CEFIC, The European Chemical Industry Council. Depolimerisation: 
breaking it down to basic building blocks, https://cefic.org/a-solution-
provider-for-sustainability/chemical-recycling-making-plastics-
circular/chemical-recycling-via-depolymerisation-to-monomer/   ].  

 

Solvent-based recycling (or dissolution recycling), allows the specific 

dissolution of the polymer with a tailored solvent and the subsequent 

precipitation leading to a purified polymer. Solvolysis processes chemically 

break down polymers into their monomers or oligomers with the use of 

solvents, high temperature and pressure to carry out the reverse reaction for 

producing polymers. Depending on the solvent used (methanol, ethylene 

glycol or water), different monomers or oligomers are obtained based on the 

chemical agent used for polymer chain scission.49 

Hydrolysis reactions perform better from an environmental point of view 

but require higher energy consumption compared to other solvolysis methods. 

They may be carried out in neutral, acidic, or alkaline conditions.50,51 

Methanolysis is  widely used and is effective for the solvolysis of various 

polymers such as PET, polyamides, and polycarbonates. The majority of post-

consumer recovered PET is currently reprocessed by mechanical recycling; 

however, this process leads to molar mass reduction and a consequent 

reduction in the physical–mechanical properties of the polymer, which is 

generally used to produce carpets.52  

Depending on the types of plastic waste, how the waste is broken 

down, and the generated products, advanced recycling technologies can be 

divided into 3-4 categories. One of them, depolymerization, breaks down the 

https://cefic.org/a-solution-provider-for-sustainability/chemical-recycling-making-plastics-circular/chemical-recycling-via-depolymerisation-to-monomer/
https://cefic.org/a-solution-provider-for-sustainability/chemical-recycling-making-plastics-circular/chemical-recycling-via-depolymerisation-to-monomer/
https://cefic.org/a-solution-provider-for-sustainability/chemical-recycling-making-plastics-circular/chemical-recycling-via-depolymerisation-to-monomer/
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plastic waste into oligomers or monomers than can be purified and 

repolymerized into a polymer that can be used in the same high (or higher) 

value application that generated the waste. Depolymerization has the 

advantage of creating a recycled monomer with identical properties to the 

virgin monomer suitable for all applications. Additionally, because the product 

does not lose mechanical strength or suffer color degradation, 

depolymerization has the potential to handle larger shares of the waste 

stream including more challenging materials. Plastics such as polystyrene 

(PS) and polycarbonate (PC) that tend to be difficult to recycle can be 

recycled via this more advanced method. Furthermore, depolymerization 

reduces the global warming impact compared with producing the virgin fossil-

based material. Because the process converts the plastic waste to its 

monomer and allows for a shorter and closed loop, it does not face the same 

criticism as waste-to-fuel applications. Overall, depolymerization is not 

expected to replace mechanical recycling but has the potential to fill the gap 

and be a complementary solution to close the loop. 

 

Advances in Depolymerization in recent years include: 

Polyamide (PAM) collection and recycling are cost efficient when there are 

large volumes of relatively homogenous waste material (carpets). Since 2018, 

Polyamide 6 producer Aquafil Group has been depolymerizing carpet waste in 

the USA. 

Polyethylene terephthalate (PET) waste has been commercially 

depolymerized using mainly a glycolysis route. New innovative processes that 

employ enzymes or light are currently being developed. 

Polystyrene (PS) depolymerization capacity is being installed in collaboration 

with technology developers, polystyrene producers, and downstream end 

users. Of the 10 largest global polystyrene producers approximately 4 are 

actively investing in depolymerization capacity. While the projects are 

currently in a test phase, the goal is to significantly increase the scale over the 

coming years. 

Polymethyl methacrylate (PMMA) can be quantitatively depolymerized back 

to its methyl methacrylate monomer (MMA). The MMA two project, consisting 

of a joint effort by 14 European producers and consumers of PMMA, plans to 
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produce second generation MMA from post-consumer and post-industrial 

PMMA waste using depolymerization. 

 

 

Figure 11. Depolymerisation technologies, 28.May.2021, NexantECA   
https://www.nexanteca.com/blog/202105/advances-depolymerization-
technologies-can-fill-mechanical-recycling-gap].  
NexantECA’s published technological report, Advances in Depolymerization 
Technologies for Recycling, May 2021, provides an updated overview of the 
technological, economic, and the state of the market of plastics that can be 
produced from waste depolymerization. [https://www.nexanteca.com/ 
reports/advances-depolymerization-technologies-recycling-2021-program]. 
 

Recent progress in the development of green biodegradable polymers 

has not been able to fill the vast demand for plastics from fossil oil. However, 

plastics recycling has continued to evolve through use of a wide variety of 

recent and established technologies. Such as mechanical and chemical 

recycling, pyrolysis, depolymerisation etc.  Also, recycling  include energy 

value recovery via waste-to-energy incineration, use of processed fuel, source 

minimization and reuse. There are many alternatives that have demonstrated 

potentials to conserve natural resources, while also minimizing wastes. On 

the other hand, production of liquified fuel from plastic waste has shown 

potential as better alternative because the plastics calorific value. Numerous 

researches across the globe have advanced innovative technologies on 

https://www.nexanteca.com/blog/202105/
https://t.sidekickopen45.com/s3t/c/5/f18dQhb0S7kF8bGq4LVcfyny59hl3kW7_k2841CXdp3VPwTRJ59P0PkW2bzNNw45nNnZ101?te=W3R5hFj4cm2zwW4mKLS-41RkVGW41Yyl33yMjpkW3_rjd545SB6dW4cgyMC4kB17fW3K96qj3K7-PsW4rBFy-3T6jkgW3T1McG4fGB3lW41WtBk3P27C7W1GHbGN4rwvqJW41S2dv1N56cwF45TRgGSxhC1&si=8000000003532794&pi=9833083b-a657-4dd3-803c-b0086a6c38e4
https://t.sidekickopen45.com/s3t/c/5/f18dQhb0S7kF8bGq4LVcfyny59hl3kW7_k2841CXdp3VPwTRJ59P0PkW2bzNNw45nNnZ101?te=W3R5hFj4cm2zwW4mKLS-41RkVGW41Yyl33yMjpkW3_rjd545SB6dW4cgyMC4kB17fW3K96qj3K7-PsW4rBFy-3T6jkgW3T1McG4fGB3lW41WtBk3P27C7W1GHbGN4rwvqJW41S2dv1N56cwF45TRgGSxhC1&si=8000000003532794&pi=9833083b-a657-4dd3-803c-b0086a6c38e4
https://t.sidekickopen45.com/s3t/c/5/f18dQhb0S7kF8bGq4LVcfyny59hl3kW7_k2841CXdp3VPwTRJ59P0PkW2bzNNw45nNnZ101?te=W3R5hFj4cm2zwW4mKLS-41RkVGW41Yyl33yMjpkW3_rjd545SB6dW4cgyMC4kB17fW3K96qj3K7-PsW4rBFy-3T6jkgW3T1McG4fGB3lW41WtBk3P27C7W1GHbGN4rwvqJW41S2dv1N56cwF45TRgGSxhC1&si=8000000003532794&pi=9833083b-a657-4dd3-803c-b0086a6c38e4
https://www.nexanteca.com/%20reports/advances-depolymerization-technologies-recycling-2021-program
https://www.nexanteca.com/%20reports/advances-depolymerization-technologies-recycling-2021-program
https://www.nexanteca.com/%20reports/advances-depolymerization-technologies-recycling-2021-program
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chemically recycling plastics wastes to their monomers, and further 

thermolysis to liquid fuel. 53 

 

Conclusions 

Plastic consumption has quadrupled over the past 30 years, driven by 

growth in emerging markets. In the last 20 years, the world produced twice as 

much plastic waste and the bulk of this toxic waste ends up in landfills, or is 

incinerated or pollutes the land and the aquatic environment and finally is 

accumulated in the oceans. It is estimated that only 10-20% of the plastic 

waste is successfully recycled, even in the most prosperous countries of the 

Organization of Economic Cooperation and Development (OECD). 

The problem of mismanaged municipal solid waste, including plastic 

waste, is particularly acute in developing countries, and is attributed to a lack 

of infrastructure, systemic poverty and environmental injustice. Plastic waste 

is now overflowing in developing countries with mountains of plastic piling up 

in landfills, coastal areas and sensitive ecosystems. Plastic compounds take 

up years to degrade into smaller fragments. Microplastics and nanoplastics 

are accumulated in the tissues of most aquatic organisms and can be found in 

food products. 

Experience from management problems of solid chemical waste in 

most countries showed that recycling of plastic waste is very important for the 

protection of the environment and human health. Advanced recycling of 

plastic waste is a sustainably-oriented process that harnesses the power of 

science and technology to transform used plastics into new products that can 

be recycled again or turned into oil fuel. By turning hard-to-recycle plastics 

into a reusable resource will help create a more circular economy for plastics 

and a cleaner environment for future generations. Advanced recycling 

technologies in use today can significantly increase the types and quantities 

of plastics we are able to recycle. 

Research and innovative technological applications in the last decades 

advanced new methods in plastic waste recycling and significantly increased 

the types and amounts of plastic suitable for recycling. At the same time, new 

methods making it possible to use recycled plastic in new products and 
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packaging, like plastics approved for use in food-contact and pharmaceutical 

applications. Already, there are positive signs for higher overall plastic 

recycling rates on the global scale and less waste going into landfills and the 

oceans. helps create a greater opportunity to create a truly circular economy 

for plastic. 

Plastics recycling is a battle against entropy. Consumers for many 

decades and now throw plastics of all sorts into curbside bins, where they get 

mixed with metal and glass. There is great need for separation at source and 

clean plastic items to go to recycling facilities. All developed industrial 

countries have impending regulations to drive the increased use of recycled 

plastics. Although there are growing concerns among scientists and the public 

about the quality, safety and sustainability attributes of recycled plastics and 

materials, the recycled plastic is safe and the circular economy demands the 

approach to reuse and to stop using  fossil fuel feedstocks in the plastic 

industries. .More than ever before, manufacturers, producers and retailers are 

committing to recyclability goals and explore ways to reduce their dependence 

on virgin plastics and to increase their use of recycled plastic materials. 

Legislative and regulatory efforts addressing recycling have increased 

significantly and relatively quickly at an international level. 

Plastic can rise again and again as a new product. Researchers now 

know methods with which new plastics can be produced from 100 % recycled 

material, products that can even be used for food applications. While plastic 

prices are still very low and economic incentives for recycling were lacking in 

the past years, China has recently begun rejecting plastic waste from abroad 

and many other countries like Malaysia will follow soon. A legally binding 

directive of the European Union (EU) states that all plastic packaging shall be 

recyclable in a cost‐effective manner or reusable by 2030 and aims at making 

recycling profitable for businesses. There are many initiatives ongoing, 

including national and European Plastic Pacts, Alliance to End Plastic Waste 

and New Plastic Economy (Ellen MacArthur foundation) calling for reduce use 

plastic, increased reuse and recycling to tackle the global challenges and 

moving towards circular plastics economy. 
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