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Abstract

:

Plastic fragments, weathered into or released in the form of micro- and nanoplastics, are persistent and widespread in the environment, and it is anticipated that they have negative environmental impacts. This necessitates immediate efforts for management strategies throughout the entire plastics lifecycle. This opinion paper was initiated by the EU COST Action CA20101 PRIORITY, which focuses on the need to develop an effective global networking platform dealing with research, implementation, and consolidation of ways to address the worldwide challenges associated with micro- and nanoplastics pollution in the environment.
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1. Introduction


The production and demand for plastics have grown over the last century, leading to ever-increasing quantities of plastic waste globally. Plastic provides countless benefits to modern life through their light weightiness, high strength to weight ratio, durability, and low cost. As a result of this unique set of properties, plastic has displaced and replaced many conventional materials such as glass, wood, or paper, leading to a rise in its production from 1.7 million tons in 1950 to 368 million tons in 2019. Europe accounts for 16% of global plastics production, which is expected to double in the next ten years. In 2018, approximately 25% of plastic waste was recycled while the remainder was incinerated or ended up in landfills [1]. However accidentally or intentionally, some fraction of this plastic waste is mismanaged and is released into different environmental compartments. This includes aquatic and terrestrial environments, with soil being one of the major sinks [2], although by far the least studied. It was estimated that of the approximate 275 million tons (Mt) of plastic waste generated in 192 coastal countries in 2010, between 4.8 to 12.7 Mt entered the ocean [3]. In the absence of appropriate waste management infrastructure improvements, this amount is expected to increase by an order of magnitude by 2025 [3]. Plastic is reported to account for over 80% of marine litter [4,5]. The worldwide coronavirus pandemic made matters even worse, due to the large quantities of the single-use plastic protective equipment such as gloves and masks, which were frequently improperly disposed of. The spread of coronavirus also increased the demand for packaging of food/non-food products as a consequence of the increased e-commerce and home delivery systems for enhancing safety [6,7].



Plastic litter discharged into the environment is subjected to different degradation and fragmentation phenomena depending on the physicochemical properties of the polymers and on the environmental conditions in which the materials are exposed to heat, UV radiation, oxidation, biofouling, and mechanical forces. These processes result in the generation of small particles, designated as microplastics (MPs). In 2008, during the “International Research Workshop on the Occurrence, Effects, and Fate of Microplastic Marine Debris”, MPs were classified into primary MPs, i.e., those that are intentionally produced either for direct use or as precursors to other products as microbeads, micro flakes, or nurdles, particularly for use in various products such as cosmetics or air-blasting technologies [8], and secondary MPs, i.e., those formed in the environment due to the degradation of larger plastic material [9,10]. Alternatively, the same terminology has been used to identify primary MPs, not only as particles produced in a sub-millimetric size for a specific application, but also as particles originating from the abrasion of large plastic objects during manufacturing, use, or maintenance [11] as MPs released from synthetic fabrics due to mechanical and chemical stresses during washing, or MPs released from wear and tear of car tires [7,8]. The different usages of terminology, and the different ways to classify MPs in general, is still an open debate [12], highlighting the need to further discuss MPs definitions.



The increasing generation of both primary and secondary MPs, coupled with both human and environmental exposure to them, is a major concern since their potential to impact human and ecosystem health remains largely unknown to date [13,14,15,16].



Macro-sized litter (>5 mm) accounts for a major portion of plastic in the marine environment by mass (kg/km2), but MPs are responsible for a larger proportion by number i.e., items/km2 [17]. Of the plastic litter entering the oceans, the plastic material in the form of MPs potentially exhibits high bioavailability to aquatic animals and interactions with organic and inorganic pollutants, present in the surrounding environment, due their small size combined with a large surface area that facilitates adsorption/interaction phenomena [18,19]. They represent a potential threat to a variety of organisms, both aquatic and terrestrial, ranging from zooplankton, to bivalves, up to vertebrates [13,20]. The negative effects of MPs are not only limited to physical parameters but extend to chemical factors due to their ability to adsorb, accumulate, transport, and desorb contaminants from their surrounding environment, or leaching of chemical components added during their manufacturing process [21].



Weathering-related degradation results in myriad changes depending on polymer type and environmental conditions; loss of mechanical integrity, embrittlement, degradation, and fragmentation into smaller pieces down to the nanoscale range, abiotic and/or biotic degradation. Some of these plastics, i.e., biodegradable plastics, can be degraded via microbial actions, leading to their ultimate conversion into carbon dioxide, methane, or other naturally occurring compounds; this process is known as mineralization. However, the rate of such biological processes depends on environmental factors as well as on the chemical structure of the polymer backbone. Hence, the number of plastics that are degradable under natural conditions is relatively limited and a wide range of degradation trends, degradation kinetics, mechanisms, and levels have been observed [22].



Nanoplastics, NPs, categorized as sub-micron-sized plastics [12], are considered contaminants of emerging concern. They are hypothesized to interact and affect living organisms differently compared to larger sized plastic debris, since they may be more easily taken up by organisms, could be more toxic to cells, more easily pass through biological barriers, and may cause oxidative stress and cell death [23]. Moreover, NPs may have the potential to transport further through the environment than larger plastic items due to their smaller size. However, there is still limited understanding of NPs risks to both humans and the environment due to (1) difficulties in establishing actual exposure concentrations, as their size makes isolation from complex environmental matrices challenging and there is a lack of analytical methods for their full characterization, and (2) limited studies on biological effects, especially under “real-world” environmentally relevant conditions [24].




2. Current Strategies to Deal with the N/MPs Challenge


Due to the complexity of the nano- and microplastic (N/MP) pollution challenges, different strategies are under evaluation to mitigate these environmental pollutants and to prevent N/MPs from entering the environment. These strategies include:




	
Integrated plastic management approaches, including reducing, reusing, recycling, and recovering plastic waste, supporting the transition to a circular economy, which would minimize the stock of mismanaged plastic waste which could degrade into N/MP.



	
Technological solutions for the valorization of plastics wastes into chemicals and/or fuels, and so on [25].



	
Sustainable coatings to reduce/retard the microplastic release from polymeric substrates [26,27].



	
Advanced oxidation technologies to improve degradation of micro- and nanoplastics [28,29].



	
Replacement of nondegradable polymers by biodegradable polymers which will degrade under defined conditions (e.g., composting) or release into the environment (aquatic or terrestrial) in due time [30].



	
Efficient treatment processes, specifically technological (catalytic) solutions for the breakdown and removal (mineralization) of N/MPs, as additional tail-effluent treatment stages, e.g., in wastewater treatment plants, WWTPs [31,32].



	
Development of innovative materials and devices able to sorb/filter microplastics in the aquatic environment [33].








In addition, regulations have been adopted or are under development which aim to ban, restrict, or introduce levies on certain types of plastic products. Optimizing the balance of several facets of plastics production, use and waste management are necessary to alleviate the growing plastics environmental waste issue [34]. The technological solutions and strategies adopted by policymakers and governments around the globe to reduce the generation of plastic wastes will ultimately reduce emissions of N/MPs.




3. Future Needs for Addressing the N/MPs Challenge


Environmental pollution with N/MPs poses serious challenges for the 21st century. Scientists, risk-managers, and, above all, decision-makers and industries must be strongly committed to achieving reduced exposures and minimizing hazards. Citizens, on the other hand, need to be correctly informed of the risks N/MPs pose to the environment and human health. Ultimately, they can be driving forces of the required societal changes and demand actions to reduce the amount of plastics released into the environment [35].



In 2009, the proceedings of the first International Research Workshop on the Occurrence, Effects and Fate of Microplastic Marine Debris were published. Subsequently, the number of scientific publications and data on the topic have grown exponentially. Understanding the real impacts and validating the alternatives to plastics with realistic solutions to the related issues of plastics pollution are necessary for decision-makers and plastic industries alike. The scientific community plays a key role in providing reliable and comparable data, based on robust and transparent methodologies. The only way to achieve this result is through extensive networking amongst researchers together with the involvement of industry experts.



Decision-makers urgently need consistent metrics and definitions to guide and prioritize actions at several levels, from sustainable product design and efficient regional infrastructure to suitable policies and enforcement [34]. Thus, efficient metrics valuing plastic pollution must be identified to guide sound eco-design and waste management policies; an important issue is the assessment of sustainable polymers and their persistence in the environment.



Among the organizations providing standards on plastics, the International Organization for Standardization (ISO) and the European Committee for Standardization (CEN) have developed 700 and 500 standards on plastics, respectively, with 180 projects underway. Recently, specific committees and working groups were established to develop standards on the environmental aspects of microplastics. However, only in 2020, ISO defined MPs as “any solid plastics particle insoluble in water with a size ranging between 1 µm and 1000 µm (= 1 mm)” while NPs are defined as “plastics particles smaller than 1 µm” [36], and these definitions are still controversial. Much work is required, and researchers in the field urgently need an action to share and compare their knowledge and findings. To help and support pre-normative research, The Versailles Project on Advanced Materials and Standards (VAMAS) has established a new technical working area (http://www.vamas.org/twa45/, accessed on 22 April 2022).



In recent years, an increase in research funding to a diverse group of new research projects has led to a better understanding of the impacts and implications of plastics, improving the knowledge on the occurrence of N/MPs in different environmental compartments, and preliminary risk assessments have been performed. Many thousands of funding agencies have been acknowledged in research papers devoted to N/MPs issues (Web of Science/Scopus search, which also includes local agencies). More than 7000 research papers and 1000 reviews have been published regarding N/MPs (Scopus, 2012–2022, keywords restricted to “microplastic(s)” or “nanoplastic(s)”), mainly devoted to the quantification of their presence in different environmental compartments, the evaluation of their effects and risks for aquatic and terrestrial biomes, the assessment of their bioaccumulation and the effects of associated chemicals, and the modeling of their environmental behavior. However, these research areas need novel interdisciplinary approaches to overcome the limitations of the conventional procedures, and to coordinate research efforts to minimize unnecessary duplication of work. The development of techniques and concepts primarily requires coordination and harmonization of different research areas from both public and private stakeholders. In this context, the COST Action CA20101 PRIORITY (“plastics monitoring detection remediation recovery”) was initiated upon the agreement of 85 secondary proposers from 25 countries. COST (European Cooperation in Science and Technology) Actions are bottom-up networks connecting research initiatives across Europe and beyond. PRIORITY focuses on strategies to tackle the global challenge of micro- and nanoplastics in the environment (https://www.cost.eu/actions/CA20101/ and https://ca-priority.eu/, accessed on 22 April 2022). PRIORITY was approved on 25/05/2021 by the COST Committee of Senior Officials, with the official start date on 19 October 2021 and a duration of four years. The Management Committee (MC) is the committee responsible for the management of the Action, reflecting the intergovernmental character of COST. Nomination to the Action MC is based on national rules and procedures (up to two representatives for each State admitted to the COST Association). In February 2022, the PRIORITY MC was composed of 54 members from 32 countries.




4. PRIORITY Approach for Addressing Future N/MPs Challenges


Close interdisciplinary cooperation amongst those working in the fields of natural and life sciences, together with social, behavioral, and regulatory disciplines, is the only way to consolidate information which has already been generated and address the unexplored risks and solutions related to N/MPs. Indeed, the lack of quantitative evidence of N/MPs hazards and exposure does not allow conclusions on the risks related to them. Thus, the scientific community needs to develop a deeper understanding of the interactions and distribution and assess the hazards of N/MPs in each environmental compartment and for public health. It will be essential to implement both agreements and legislation to handle the risks, focus on emissions reduction, and to develop less hazardous materials.



	
PRIORITY proposes to drive scientific efforts for addressing future N/MPs challenges through:



	
Identification of new strategies to design sustainable plastics as alternatives to these persistent plastics and related N/MPs.



	
Identification of mitigation strategies and approaches.



	
Design of new workflows to reduce plastics leakage and impacts to the environment.



	
Development and optimization of standard protocols for N/MP sampling and measurement procedures and assessing biological hazards.



	
Ensuring high confidence in measurement results.



	
Assessment and validation of robust measurement procedures for qualitative and quantitative analysis by interlaboratory studies.



	
Drawing attention to the importance of reference materials (certified and uncertified) for method validation through the identification of available reference materials and making suggestions for further developments of candidate reference materials with the goal of reaching certification following ISO documentation.






The entire chain through N/MPs environmental pollution, from monitoring to the development of mitigation strategies to reduce N/MPs pollution, requires the development of reliable and sustainable technological solutions. All efforts will focus on spreading shared technologies to provide open access for as wide a circle of researchers, technicians, laboratories, agencies, and industries as possible through:




	
The identification of needs and entry barriers related to cost and performance.



	
The modification and/or improvement of existing instrumentation.



	
The identification of the needs for new tools and devices.



	
The development of reference materials for method development, calibration, and quality control.



	
The definition of the EU roadmap for N/MPs critical issues for the environment.



	
PRIORITY contributions will enhance:



	
Trans- and interdisciplinary exchanges among stakeholders who will benefit and contribute to the growth of the knowledge in the field.



	
Dissemination of protocols for N/MP sampling and measurements.



	
Strengthening links between industry, academics, decision-makers, and the general public.



	
Raising public awareness by disseminating data in an easy-to-understand format on environmental and health issues related to N/MPs.








It is necessary to flag the most relevant areas which could be candidates for suitable policy measures in different environmental compartments. Mitigation measures may be supported by legislation but also through voluntary agreements and softer awareness-raising, communication, and education actions. Indeed, companies may replace plastic products with more sustainable alternatives or find technical solutions for lower emissions if this change would be driven by economic advantages, and people’s behavior can change in response to new circumstances and media communications. Citizens and organizations may alter their behavior if they are motivated and if feasible alternatives are available.



From a global governance perspective, the discussion on N/MP pollution is essential. It is mandatory to reach international consensus on how to manage and tackle plastics pollution throughout the entire plastics lifecycle based on the scientific data and, on this evidence, to reach specific agreements on how to minimize and handle those challenges specifically related to N/MP. PRIORITY will support actions to reach these targets by sharing research results, exchanging information amongst experts, and helping to develop public awareness and education. Such targets, as well as generation and access to standardized N/MP pollution data and health effects, are a relevant step for future international agreements on N/MP issues.




5. Outlook


Seven working groups (WGs) will coordinate and perform the tasks required by the Action to fulfil the objectives of the network project plan to cope with N/MPs challenges. This will be achieved through specific objectives, named research coordination and capacity-building objectives. Research coordination objectives entail the distribution of tasks, sharing of knowledge and know-how, and the creation of synergies among Action participants to achieve specific outputs. Achieving these objectives turns the COST Action from initially scattered groups into one transnational team and leverages the existing funded research. Achieving capacity-building objectives entails building critical mass to drive scientific progress, through the training of European stakeholders, increasing capability in the study of micro- and nanoplastics, and connecting and strengthening collaborations. Through diverse yet highly interconnected WGs, we propose to bridge different research fields for more impactful and holistic discussions and actions regarding N/MP environmental pollution and hazards. Each WG has clear objectives and activities, namely:




	
WG1 Impacts and risks on human health and environment related to N/MPs








WG1 is expected to identify, develop, and, hence, increase the European and worldwide standardization of hazard testing methods for N/MPs. This includes different environmental exposure matrices. Moreover, it aims to outline and disseminate the main challenges and research priorities. Short-term activities will include the definition of the state of the art, the expertise, and the ongoing activities of the Action participants, in order to develop a harmonized progress towards standardized hazard testing methods for different environmental matrices.



	
WG2 Monitoring and sampling MPs






WG2 aims to help European and developing countries to assess and develop harmonized monitoring methods and sampling procedures for different environmental matrices. WG2 is expected to identify the needs of the participants and leveraging of existing methods and procedures. Guidelines will be established to improve scientific capabilities and help research laboratories to evaluate their procedures in line with best practices.



	
WG3 Instrumentation, modeling, data evaluation, software, and analytical procedures






The objectives of WG3 are to (1) understand the potential of the tools available for the analysis, (2) to help European and developing countries to assess harmonized methods, and (3) to facilitate and encourage access to EU research infrastructures and facilities. The planned activities will include the establishment of guidelines and standard operating procedures for established analytical approaches such as optical/fluorescence microscopy, vibrational spectroscopy (Fourier transform infrared and Raman spectroscopy), and thermal methods (e.g., differential scanning calorimetry or pyrolysis gas chromatography mass spectrometry). For the established techniques, special emphasis will be placed on standardized methods with a higher throughput, in order to realize a statistically relevant characterization of samples. On the other hand, novel analytical approaches having the potential to detect as well as identify plastic particles of a few µm or submicron size (NP), preferably in its native state, will be evaluated and established. The latter will be carried out in close collaboration with WG4 to establish novel nanospectroscopic and masspetrometric approaches as a tool for this so-far predominantly uncharted field. Providing access of standardized established, as well as newly developed, innovative approaches for users across Europe and beyond, in combination with training to enable efficient use, represents another key part of work.



	
WG4 Nanoplastics






WG4 aims to identify suitable and validated analytical methods for detection and quantification of NPs based on the experiences of the Action participants. An additional aim is to produce/compile NP hazard and fate data, while evaluating the reliability and environmental relevance of the studies. Mechanisms of NP toxicity and interaction of NPs with biomes will be explored. Finally, analytics, metrics, and fates specific to NPs (opposed to MPs) will be evaluated and improved to more fully understand the differences among these smaller plastics in the context of global plastics pollution.



	
WG5 Remediation, recovery, and development of sustainable alternative to plastic materials






WG5 aims to identify reuse, recycling, recovery, and removal alternatives for environmental plastics and to define novel and sustainable technological approaches for new recycling and recovery alternatives. The ambitious challenges associated with WG5 will be reached using multidisciplinary approaches and international cooperation involving different expertise and sectors, from scientific to industrial to policymakers, participating in the Action.



	
WG6 Metrology and standardization






The main objectives of this WG are the validation of existing protocols for sample preparation and measurements (shape, size, abundance, and composition) in the range of N/MPs, through organization and the participation of PRIORITY laboratories in interlaboratory studies and comparison with different independent measurement principles. Not only will different environmental conditions/ecosystems be considered, but so will the environmental samples (organisms of different size and trophic levels, soils, sediment, water, plants, etc.). Additionally, this WG will provide recommendations on best practice to make data comparable and applicable for future studies with other working groups, stakeholders, and decision-makers.



	
WG7 Develop new strategies to increase the synergies with society and education






This WG plans to encourage scientists to participate in science communication activities to increase awareness in society and education regarding the environmental issues related to N/MPs. As an outcome, WG7 proposes to mobilize researchers, school leaders, local authority, support staff, teachers and practitioners, students, and parents by means of traditional journalism (e.g., newspapers, radio, TV), face-to-face events (e.g., science cafes, sci-art, science centers, and museums), and online interactions (e.g., citizen science, social media, podcasts) to empower citizens as key actors in addressing N/MPs challenges.




6. Concluding Remarks


It is the opinion of the PRIORITY network that despite the large number of reports and ongoing projects, several gaps and uncertainties with regard to N/MP hazards and fate exist. In many cases, this affects the relevance, reliability, and usefulness of the data. Moreover, the lack of harmonization and standardization of sampling and analytical methods makes it difficult to compare different studies. Therefore, even basic information, such as actual exposure in environmental compartments, becomes difficult to assess with certainty. There is a consensus regarding the need to fill these knowledge gaps and to deal with the currently debated uncertainties related to N/MPs effects and exposure. Future research should be based on an identification of research needs and the coordination of research efforts. In the end, managing and coordinating this issue will support the European Union in defining appropriate common policies to approach N/MPs issues, increasing the capability to develop risk mitigation measures.
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