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Abstract

:

Microplastics (MPs), microscopic particles originating from plastic products, have emerged as a persistent environmental challenge, posing threats to both ecosystems and human health. Their omnipresence, extending from the highest mountains to the deepest oceans and infiltrating the bodies of humans and animals, requires urgent attention. In the face of escalating annual plastic production and inefficient waste management, where 79% of plastic production ends up in landfill sites or enters the environment, MPs multiply as its consequence. This emphasizes the urgent need for a comprehensive global framework that transcends borders to systematically address and control the growth of MPs. In response, our research conducts an in-depth investigation and proposes a seven-step strategy, providing a global perspective for mitigating microplastic pollution. The proposed approach begins with initial research steps and closes in predicting the remediation of areas impacted by microplastic pollution.
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1. Introduction


Microplastics (MPs) are polymers and plastic-origin particles measuring less than 5 mm. They result from the breakdown of larger fragments through mechanical or physicochemical processes, or the intentional engineering of materials, and include micro particles of a size less than 1 mm and nano particles smaller than 1 micrometer. The diverse origins of MPs contribute to their variations in hardness, softness, and structural regularity or irregularity. Due to their small size, MPs possess a significantly larger surface area, facilitating the adsorption of a wide range of pollutants on their often-hydrophobic surfaces. These tiny particles enter diverse environmental compartments, from rivers and soils to the atmosphere, and from the deepest depths of the oceans to the most remote areas of the polar regions [1,2,3,4,5,6].



Between 2020 and 2023, there was a notable increase in published articles examining the adverse effects of MPs on ecosystems, food chains and human health [7,8,9,10,11,12]. This growing attention to the topic has sparked widespread discussions across various communities. Several research articles have explored the interaction between MPs and the human body, addressing health concerns related to the topic. For instance, research has revealed the presence of MPs in human blood [13] and baby placenta [14], emphasizing the urgency to investigate their potential impacts on sensitive human organs, including the brain and heart [15,16]. Furthermore, studies have examined their influence on neurological behavior [17], the immune system [18,19] and disruption in gene transcription [20]. These findings, while significant, only scratch the surface, and a deeper exploration of this subject reveals the remarkable ability of MPs to adsorb various pollutants, acting as carriers into the human body and other living organisms [21,22].



Scientific studies have explored the widespread distribution of MPs in water, atmosphere, and soil, aiming to understand their complex physical, chemical, and biological impacts on ecosystems. The presence of MPs in water supplies, as demonstrated by various studies, is a direct consequence of inadequate control of the MPs release into surface waters [23,24]. Urban or industrial wastewater treatment facilities have been identified in several studies as significant contributors to this issue [25,26,27]. These facilities are also recognized as a major source of MPs in soil through wastewater sludge and irrigation, alongside with other contributors such as atmospheric transport deposition [3,7,28,29].



Further studies emphasize the long-term physicochemical effects of microplastic pollution on factors such as acidification, and water quality indicators such as turbidity, suspended solids, or water temperature [30,31]. Additionally, research indicates the adverse impacts of MPs on a variety of aquatic organisms, ranging from small organisms to larger marine life [32,33,34].



To effectively address the ongoing challenge of microplastic pollution in a sustainable way, a comprehensive approach that incorporates environmental, social, and economic considerations is essential [35]. The MPs–sustainability nexus represents a complex interconnection of essential factors, critical for the sustainable management and mitigation of the environmental impact of MPs. Despite the importance of the topic, it has not yet been studied systematically and comprehensively within a structured framework.



In this article, we investigate the components of mitigating the environmental impact of MPs, leveraging our own insights, research, and data analysis as well as insights gleaned from recent published articles, case studies, and examples from relevant studies. We explore the key factors influencing this field and discuss how each contributes to the development of a sustainable strategy to combat microplastic pollution. Our aim is to provide insights into the comprehensive approaches required for the effective management and mitigation of the adverse effects of MPs on a global scale. The outlined plan of action is designed to assist professionals and decision-makers engaged in this field.




2. Comprehensive Framework for Microplastic Mitigation


Figure 1 provides an illustration of the remarkable increase in global plastic production, reaching a notable 400.7 million metric tons (Mt) in 2022 and expected to rise to 753 Mt by 2060. The graph was generated using Origin data analysis version 2018 software, incorporating data available up to 2022 from [36,37], and employs interpolation and extrapolation techniques to bridge data gaps and extend projections until 2060. The observed escalation in plastic production, as indicated by the graph, underscores the parallel rise in microplastic production. As plastics continue to be the primary source of MPs in the environment, understanding the dynamics of plastic production is crucial for recognizing and addressing the broader implications of microplastic pollution.



In Figure 2, the timeline graph illustrates the global production and projected trend of MPs from 1951 to 2060. Graph A of Figure 2 shows a significant increase from 3.6 Mt in 2023 to 7 Mt in 2060, indicating an 84.2% growth. The data for microplastic production values for this graph were derived from [38,39], based on 2015 statistics relevant to the initial release of MPs into the environment from production to their end-of-life, and applied data from Figure 1. The cumulative graph in Figure 2B further reveals that the total volume of MPs released into the environment amounted to approximately 96 Mt in 2023, with projections foreseeing an escalation to near 298 Mt by 2060. This highlights the pressing need for establishing a comprehensive framework to address this issue.



Addressing the impact of microplastic pollution on ecosystems requires a detailed framework that considers key aspects of microplastic identification, control, and monitoring. The integration of legal considerations plays a crucial role, ensuring commitment to policies and regulations governing plastic production, use, and disposal. Our objective is to incorporate all factors reasonable to microplastic mitigation. This comprehensive approach requires the complex interplay of various elements, including research and monitoring, waste management and recycling, circular economy principles, policy and regulation, education and awareness, industry collaboration and innovation, and ecological restoration. In subsequent sections, we will undertake an in-depth exploration of each factor and discuss its specific influence on the dynamics of microplastic pollution.



2.1. Research and Monitoring


Microplastic represent a growing concern and need a robust framework of research and monitoring to comprehend their environmental, biological, and human health impacts. In recent years, a considerable amount of research has been dedicated to developing analytical methods, an ongoing initiative crucial for effective monitoring. The dimensions (size) of micro and nano MPs, and their diverse sources and types, present some of the most challenging questions that must be addressed during the analysis process [40]. The widespread distribution of MPs in the environment creates major challenges for monitoring efforts [41]. A potential solution lies in integrating monitoring into routine tests across diverse laboratories related to water, wastewater, soil, air, and health, which emerges as a more effective approach to address this issue. The subsequent sections highlight the ongoing interconnections in microplastic research and monitoring.



This section emphasizes the significance of persistent research efforts and the crucial need for standardized monitoring procedures to address the challenges of microplastics comprehensively.



2.1.1. The Importance of Ongoing Research


The presence of MPs across diverse ecosystems requires ongoing research to accurately estimate their abundance and distribution. Research initiatives dig into oceans, rivers, soils, and even the atmosphere to investigate the scope of contamination and pinpoint hotspots. Hence, understanding the extent of MPs is fundamental for designing effective mitigation strategies (see Figure 2).



Another important aspect relates to the release of MPs from various sources, categorized as primary, e.g., microbeads in personal care products, and secondary, e.g., microfibers from textiles. Ongoing research efforts try to explain these sources and trace the pathways through which MPs infiltrate the environment. Identifying these origins is crucial in creating targeted prevention methods.



Figure 3 illustrates the global fiber production distribution across natural, semi-synthetic, and synthetic categories [42]. The pie charts within each fiber group display the associated products and their respective percentages, revealing that polyester alone accounts for 54% of the total global fiber production within the synthetic category. Additionally, a test was conducted to observe the effects of the washing process on synthetic silk threads using brand new yarn. The microscopic image of the results is depicted within Figure 3. Upon mechanical washing and interaction with detergent, microfibers with diameters less than 10 microns became damaged and detached from the twisted structure of the thread. The washing machine mechanism releases a significant number of particles, ranging from 220,000 to 2,820,000 microfibers per kilogram of textile [43]. A study indicates that around 76% of MPs are captured and transferred to sludge in wastewater treatment plants (WWTPs), reaching approximately 46 particles/g, with 89.5% of these particles comprising synthetic polymers such as polyesters, polyamides, polyethylene terephthalate, and polyethylene [44]. In addition to the retention and transfer of MPs in WWTPs, microfibers can also enter the environment through alternative pathways such as landfill sites or directly from yarn fibers. The subsequent dispersion of these particles into the atmosphere from contaminated areas plays a significant role in the widespread dispersion of microfibers across ecosystems [45].



Experimental investigations play a crucial role in understanding the ecological impacts of MPs on aquatic and terrestrial life. Assessing the impact of MPs at different trophic levels, from marine organisms to wildlife on land, helps to explain the cascading effects in the ecosystem [46,47,48]. Furthermore, an in-depth understanding of the potential health effects of MPs on humans is a crucial aspect of ongoing research, addressing the concerns arising from their persistent presence in water, the food chain, and the atmosphere [49,50]. Significantly, the latter are still relatively unexplored, possibly due to strict laws and restrictions for direct human experimentation, while there is an urgent need for in-depth studies on the effects of MPs on sensitive organs. These studies should go beyond conventional tests with pure polymers and include scenarios with contaminated MPs, highlighting their potential impact on human health.




2.1.2. Standardized Monitoring Protocols


One of the most problematic issues related to MPs is the lack of reliable data. To effectively track and compare microplastic levels and trends on a global scale, standardized monitoring protocols are essential. Various techniques, including visual inspection, spectroscopic methods, microscopy imaging, filtration, and gas chromatography, are considered crucial for quantifying microplastics. These methods partially address microplastic analysis and vary in complexity, cost, and suitability, depending on sample characteristics and research goals. Therefore, a combination of these techniques is often necessary to obtain accurate and comprehensive data on microplastic pollution across diverse environmental compartments. Lessons learned from case studies conducted across different regions, addressing challenges, comparing results, and evaluating the degree of success, collectively represent the most effective strategy for initiating standardized methodologies in MPs research [51,52,53,54].



Employing reliable methods for sampling, processing, and analyzing confirms the uniformity of the data and enables meaningful comparisons between regions and over time. This standardization is essential in generating accurate measurements of the microplastic distribution. It is crucial for these standards to applied globally rather than locally, since global approach is addressing the migration process of particles within the ecosystem via water and atmospheric currents, thereby facilitate the tracking of MPs.



Through the careful application of proven methods, the investigation of MPs offers various advantages, both in the short and long term. In the short term, monitoring provides timely insights into immediate environmental impacts, aiding rapid response strategies. Long-term monitoring, on the other hand, enables the detection of trends and cumulative effects by using standardized protocols and provides a comprehensive understanding of microplastic dynamics over longer time periods [55]. Conducting regular assessments at specific time intervals helps to identify deviations, evaluate the effectiveness of intervention measures, and adapt strategies to effectively mitigate the problem. Integrating AI and global network platforms is a promising way to support both research institutions and governments in accessing first-hand data for microplastic dynamics [56,57].



Standardized monitoring protocols should follow a multi-sectoral approach that considers oceans, freshwater bodies, soils, sediments, and air. Such integration enables a comprehensive understanding of the links between these sections within the microplastic cycle and allows for universal assessment and focused action.





2.2. Waste Management and Recycling


In addressing the escalating microplastic pollution (see Figure 2), crucial waste management practices and effective recycling initiatives are of utmost importance. In 2022, the global production of recycled plastic accounted for approximately 9% of total plastic production. Consequently, about 19% of produced plastics were incinerated, nearly 50% ended up in sanitary landfills, and the remaining 22% were improperly disposed of, thus entering the environment as a source of MPs [58].



In this context, the term “waste” covers all categories that can produce MPs, while recycling is the countermeasure that utilizes waste to create new life cycles and prevent microplastic pollution. This section explains the crucial role of effective waste management systems in preventing the release of MPs into the environment.



2.2.1. Effective Waste Management


The journey of plastics from production to eventual fragmentation starts with physical and mechanical degradation processes, intensified by improper collection and inadequate disposal practices. Effective waste management emerges as a crucial barrier against microplastic leakage into the environment. This includes the use of secured landfills to prevent their dispersion into the atmosphere, surrounding soil, and water resources. Additionally, alternative approaches to traditional waste disposal methods, such as incineration or pyrolysis initiatives, offer additional options for managing plastic waste.



Effective waste management is a comprehensive approach that includes planning, infrastructure development, education and the active involvement of communities and industry to minimize the environmental impact of waste. However, effective waste management practices are not yet in place in many regions, meaning that plastics can remain in the environment for long periods of time, leading to increased breakage and the subsequent release of MPs [59,60].




2.2.2. Recycling as a Mitigation Strategy


The promotion of recycling is an effective strategy to mitigate microplastic pollution. Recycling involves reprocessing plastics into new products, reducing the need for virgin plastic production. However, it is critical to note that the recycling process itself, if not executed with precision, can contribute to the production of MPs. Routine recycling processes, such as washing, mechanical shredding, and the production of granular particles, can lead to the fragmentation of larger plastics into smaller particles, ultimately contributing to the generation of MPs. Inadequate filtration during the recycling process allows a considerable proportion of particles smaller than 5 microns to escape, elevating the probability of plastic waste fragmenting into MPs [61,62]. Innovation and advancements in recycling technologies are essential to enhance efficiency, minimize particle escape, and ultimately contribute to a significant reduction in microplastic pollution.




2.2.3. Reducing Plastic Waste


Directly addressing the issue at its source, i.e., reducing plastic waste, is a powerful and impactful approach to mitigate microplastic pollution. This comprehensive strategy starts at the community and industrial levels, supported by government policies aimed at eliminating the excessive use of plastic through legislation and financial investments. A notable case study from Australia highlights the impact of well-designed waste management programs. The communities with illegal dumping initiatives, litter prevention strategies, and recycling programs showed significantly less waste along their coasts compared to those without such comprehensive programs [63].



However, resistance from industry sectors and logistical challenges pose significant barriers to the implementation of plastic waste reduction strategies. This resistance can arise from concerns over increased operational costs or the potential impact on profitability. Additionally, logistical barriers stem from the complexity of implementing changes to existing infrastructure and supply chains. Overcoming these challenges often requires a significant investment of time and resources. Nonetheless, the outcomes of a well-defined strategy aimed at reducing the overall volume of plastic waste generated will reduce the potential for MPs to penetrate ecosystems [64].





2.3. Circular Economy


Microplastic pollution is tightly linked to the linear model or inadequately designed circular models of production and consumption, where resources are extracted, used, and then discarded, resulting in extensive waste and environmental damage. As highlighted in Section 2.2, a significant 79% of all produced plastic either ends up in landfill sites or enters the environment, leading to the extensive and continuous release of microplastics into the environment [65]. This section explains the principles of the circular economy and its application to the plastic life cycle, outlining effective strategies to reduce the release of MPs into the environment.



2.3.1. Circular Economy Principles


The circular economy promotes a regenerative approach wherein materials and products are kept in a continuous loop to maximize their value and minimize environmental harm, which opposes the traditional linear “take-make-dispose” model [66]. The 4R initiatives “Reduce, Reuse, Recycle, and Recover” form a crucial framework for sustainable plastic management. The initial and essential step involves reducing plastic consumption at the source.



Enhancing the quality of products and encouraging their prolonged use within the cycle as original goods is essential. This also involves using less plastic, prioritizing the potential use of recycled plastics, and exploring alternative materials such as glass and wood, especially when sourced from recycled rather than raw materials. In the case of applying recycled plastics, it is crucial to ensure that the quality of the materials is not compromised, so that the same standard as the original is maintained and the generation of additional MPs is avoided. The reuse of products or materials reduces the need to produce new plastics. If the products remain undamaged or do not contribute to the formation of MPs due to their age, they can be used by customers over a longer period and, thus, remain in the value chain [67]. Nonetheless, careful consideration is needed to ensure that the designed model of circular economy practices does not unintentionally increase microplastic generation or pose additional harm to the environment.



The concept of Extended Producer Responsibility (EPR) traditionally revolved around producers taking responsibility for the entire life cycle of their products, including proper disposal and recycling. However, it is important to emphasize that EPR should evolve to include a broader environmental perspective. In particular, the issue of microplastic production should be clearly integrated into EPR frameworks. By doing so, manufacturers would not only be motivated to design products with a focus on recyclability and sustainability but also to actively minimize the generation of MPs throughout the product life cycle. This adaptation would align EPR with existing environmental concerns, particularly the adverse effects of MPs, and provide robust motivation for producers to contribute to the reduction of MPs in the environment [68,69].




2.3.2. Application to Plastic Life Cycle


The shift toward a circular economy for plastics represents a substantial transformation that requires collaboration between stakeholders, innovative technologies, and a shared commitment to sustainability. Life Cycle Assessment (LCA) is a powerful tool for industries to facilitate understanding and characterization of the range and scope of environmental impacts, e.g., resource use, human health, and ecological consequences, from raw material to production use and disposal, covering all stages of its life [70,71]. Besides, LCA, when applied to plastic life cycle analysis, includes aspects like energy consumption, greenhouse gas emissions, and waste generation. Incorporating the assessment of MPs in biota and other ecosystem components, such as soil and air, into the LCA framework is essential for a comprehensive understanding of the environmental impact of MPs. By considering the implications of MPs on different components of the ecosystem, LCA becomes a comprehensive tool to evaluate the genuine environmental consequences of plastic pollution [72,73].



Figure 4 illustrates the LCA of microplastic release during the production of car tires. This release begins with industrial emissions from the processing of raw materials, primarily revealed as MPs in wastewater. This release continues throughout the tire’s lifetime, with tire wear being a significant contributor to atmospheric pollution, accounting for up to 11% of PM10 levels [74]. Additionally, tire wear contributes to road runoff, ranging from 5 to 92 mg/g dry weight, and deposits MPs in the soil at levels of 0.2 to about 160 mg/g. Studies have measured tire wear per capita in various countries, reporting masses ranging from 0.2 to 4.7 kg/(cap*a) with a global average of 0.81 kg/year, and an estimated relative contribution to the total global plastic in oceans ranging from 5% to 10% [75].



Post-use scenarios, including tire repair and reuse, introduce additional ways for microplastic release. Recycling, as another end-of-life option, involves multiple stages such as transportation, leachate production, and final product manufacturing, all of which contribute to microplastic emissions. The quality of the final recycled products and the degree of particle integration are critical considerations in managing microplastic release. The selected recycling method also plays a crucial role in this process.



Disposal methods pose significant challenges in the context of microplastic pollution. Open dumping sites release MPs into the atmosphere and water, leading to soil pollution. In the case of landfilling, leachate continues to contribute to the contamination of ecosystems by releasing MPs, particularly in unprotected sites or when subjected to inefficient leachate treatment in secured landfills [76,77].



The case study of car tire production and disposal highlights the complex interplay between industrial processes, product use, and end-of-life scenarios. This complexity emphasizes the need for strategic measures to minimize microplastic release and its adverse effects on the environment. Integrating microplastic assessment into the LCA framework provides a comprehensive understanding of the real environmental consequences of plastic pollution, ensuring a more informed approach to sustainable plastic management and facilitating strategic decision-making throughout the entire life cycle.





2.4. Policy and Regulation


The effective mitigation of microplastic pollution depends on the implementation of comprehensive policies and robust regulations governing the entire life cycle of plastics. This section emphasizes the importance of a regulatory framework to guide the production, use, and disposal of MPs. Establishing comprehensive guidelines for the plastic life cycle serves as a cornerstone in mitigating the persistent impact of microplastics on ecosystems and human health.



2.4.1. Comprehensive Policies as Pillars of Mitigation


Although political measures to combat microplastic pollution are becoming increasingly important, they remain relatively rare compared to issues such as plastic bag pollution. As of mid-2019, only nine national governments, primarily in Europe and North America, had implemented policies. These policies often focus on banning plastic microbeads in cosmetic products or implementing planning requirements, with limited consideration for other sources such as synthetic tire abrasion. Unfortunately, the research landscape lacks comprehensive studies examining the effectiveness of policy instruments specifically targeted at addressing microplastic pollution [78].



In a noteworthy development in microplastic regulation, the European Union (EU) took a crucial step in September 2023 by introducing Commission Regulation (EU) 2023/2055. This regulation aims to restrict the use of synthetic microparticles, whether used individually or intentionally mixed into various products. It is worth highlighting that loose plastic glitter falls within the scope of this restriction. The legislation also includes transitional periods for specific applications, such as glitter in cosmetics and detergents [79].



Effective policies are instrumental in addressing the escalating challenge of microplastic pollution by imposing restrictions on irresponsible plastic production and encouraging the adoption of eco-friendly practices within the industry. However, the current emphasis on policies often neglects important aspects, including patterns of overconsumption and the entire life cycle of plastics. Countries like those in the European Union have set exemplary standards by implementing bans on single-use plastics and promoting plastic waste reduction initiatives [80]. To enhance the overall value of protective measures against MPs, policy interventions should extend beyond production limitations. These actions involve obtaining essential data for prevention planning, closing the microplastic loop from landfills and WWTPs, implementing quality control measures for plastic recovery and upcycling, and ensuring the proper disposal of abandoned plastic items [81].



In a recent ruling [82], a global manufacturer of resins and petrochemicals was found in violation of its discharge permit under the US Clean Water Act (CWA). The court ruled that the company was discharging plastic pellets and PVC powder into a surface water body, directly violating the permit term, which clearly prohibited the “discharge of floating solids or visible foam in other than trace amounts”. This case highlights the crucial role of a robust legal framework in regulating and limiting environmentally harmful practices.



The entire life cycle of plastics is fundamentally political, although it has not been equally politicized across its stages. Therefore, responses and initiatives in policymaking should avoid seeking solutions solely in technological fixes or individual behavior adjustments. Instead, they must directly address the systemic, large-scale economic and political structures, as well as prevailing norms and practices, that uphold unsustainable patterns of production and consumption [83]. The implementation of strict standards and penalties for non-compliance through policies serves to encourage stakeholders to adopt environmentally conscious practices. This approach effectively mitigates the introduction of MPs into the environment.




2.4.2. The Need for International Cooperation


Microplastic pollution is a global challenge that goes beyond national boundaries. A comprehensive solution requires international cooperation and collaboration among nations. Pivotal milestones in addressing microplastic pollution on an international scale include the United Nations Environment Assembly (UNEA) in 2014 and the Basel Convention in 2017. Organizations such as the United Nations, along with initiatives like the UN Environment Programme (UNEP), provide platforms for global cooperation and collaborative efforts in combating microplastic pollution and publicizing crucial information [11,84].



Collective efforts can play a critical role in establishing shared standards and policies for plastic production, usage, and disposal. In addition to the imperative for collaborative efforts in formulating shared standards and policies for plastic management, there is a pressing need for international policy frameworks to address challenges arising from marine accidents. Cases such as falling containers, particularly those associated with MPs, and plastic releases resulting from natural disasters like storms or leakage, demand strategic involvements on a global scale [85,86].



Collaborative research and data sharing can enhance our understanding of microplastic pollution and facilitate the development of uniform methodologies for monitoring and assessment. International agreements further initiative-coordinated action, encouraging the exchange of information, and mobilizing resources to effectively address the widespread issue of microplastic pollution.





2.5. Education and Awareness


Raising public awareness and promoting educational initiatives are crucial components in the ongoing battle against microplastic pollution. This section emphasizes the significance of educating the public about MPs and their adverse effects on the environment and human health. The significance of public education is underscored, recognizing that an informed and engaged community plays a pivotal role in implementing effective measures to reduce microplastic pollution.



2.5.1. Public Awareness Campaigns


The subject of microplastic pollution remains relatively novel, even for experts in the field, indicating a significant knowledge gap that extends to the broader public. In two separate cases examining public awareness about MPs, a noteworthy trend occurred. The findings revealed that a considerable majority, exceeding 50% of the participants who were students, had limited knowledge about MPs. Specifically, 41% of the respondents fell into this category, and an even more significant majority, surpassing 63%, believed that the government is responsible for controlling MPs. This lack of awareness was more pronounced among educated populations, with social media identified as the primary source for self-education, a finding presented by [87]. In a similar survey, ref. [88] further pointed to the limited recognition of MPs among respondents, with only 26% reporting prior awareness of the issue.



Acknowledging this significant knowledge gap, it becomes evident that effective public awareness campaigns are instrumental in bridging the knowledge divide and educating communities about the far-reaching consequences of MPs. These campaigns should adopt diverse approaches, using clear and accessible information to explain the sources, risks, and consequences of MPs in the environment. Strategic tools such as infographics, videos, social media campaigns, and community events serve as powerful mediums for translating complex scientific information into digestible content for the public. By encouraging behavioral changes, such as reducing single-use plastics and practising responsible waste disposal, these campaigns empower individuals to take practical actions against microplastic pollution [89].




2.5.2. Integration into Educational Courses


Integrating the topic of MPs into educational courses, from primary schools to universities, stands as a required measure for promoting a deeper understanding of this emerging environmental challenge. By including this subject in science, geography, and environmental studies courses, students can gain early insights into the issue. Engaging in practical experiments and classroom discussions not only illuminates the profound impact of MPs on the ecosystem, but also raises a sense of responsibility and environmental stewardship among the younger generation. Educational institutions thus play a crucial role in shaping environmentally conscious citizens who are equipped to address the challenges posed by microplastic pollution [90,91,92,93].




2.5.3. Public Engagement and Citizen Science


Engaging the public in scientific activities through citizen science projects can significantly contribute to the monitoring and understanding of microplastic pollution. Involving citizens in data collection, whether through activities like beach cleanups, sample collection, or data analysis, raises a sense of ownership and active participation. Additionally, citizen science projects promote a deeper connection between communities and their local environments, motivating sustained efforts to combat microplastic pollution [94,95]. Educational initiatives and public engagement programs work in harmony to initiate a society that is not only well-informed but also actively committed to mitigating the impacts of microplastic pollution. The distribution of knowledge and active involvement become crucial instruments in this collective effort.





2.6. Industry Collaboration and Innovation


Industry collaboration and innovation are essential components in combating microplastic pollution. The interconnection of industries in mitigating this global challenge is highlighted, emphasizing the necessity for a joint approach. Furthermore, this section explores the role of innovation as a driving force, particularly in the redesign of materials and processes that align with sustainability goals. This collaboration and innovation nexus becomes a transformative force in reducing the footprint of MPs.



2.6.1. Collaborative Initiatives


Inter-industry collaboration is vital in addressing the microplastic issue at its source, particularly in areas that have been inadequately addressed, such as the release of MPs from WWTPs. Research indicates that conventional WWTPs can effectively separate around 90% of MPs influent [96]. However, a global study by [97] across 38 WWTPs in 11 countries found that over 50% of influent MPs are still discharged into the environment. Despite variations in reported statistics, there is a clear understanding that the release of MPs from WWTPs is alarmingly high, requiring urgent action [98].



Various methods for the separation of MPs, especially from water and wastewater, have been proposed by the scientific community in recent years, as detailed in the review by [99]. One innovative separation method, introduced by [100], employs the clean and cost-effective energy of a magnetic force. This novel technology offers a promising solution for efficiently separating MPs from wastewater outflows. Collaborations among industries are essential for developing comprehensive strategies that can significantly mitigate the release of microplastics into the environment. These collective efforts have the potential to drive the adoption of sustainable practices and contribute to substantial reductions in microplastic pollution across different sectors.




2.6.2. Innovation in Material Development and Production


Advancements in material science and production processes play a critical role in mitigating the risk of microplastic pollution. It is an obligation for research and development efforts to be directed towards crafting materials that possess characteristics such as biodegradability, compostability, or easy recyclability, thus minimizing the risk of transforming into harmful MPs. The case of some bioplastics, despite being publicized as environmentally friendly, raises concerns as they may not be truly biodegradable or compostable, leading to MPs pollution issues similar to petroleum-based plastics. Even though derived from biological sources, their decomposition can result in the generation of micro and nano plastics, declaring separate processing and composting. This challenges their presumed eco-friendliness and poses more severe threats to human health than conventional non-biodegradable MPs [101,102].



Furthermore, innovations in waste reduction technologies, demonstrated by additive manufacturing using recycled materials in 3D printing, offer promising avenues for repurposing waste and diminishing plastic pollution [103]. These technological advances have the potential to revolutionize industries by aligning production practices with environmental sustainability objectives. However, it is essential to recognize that technological solutions should work together, and not replace protective methods such as the adoption of sustainable materials and improved waste management. The ultimate goal is to reduce dependence on cleanup technologies, as emphasized by experts in the field [78,104].




2.6.3. Eco-Friendly Packaging and Single-Use Product Design


Approximately two-thirds of plastic waste originates from plastics with lifetimes of under five years, and packaging alone contributes 40% to this concerning statistic [58]. In 2021, single-use plastic waste, as reported by [105], reached 139 Mt, equivalent to the greenhouse gas emissions of the entire United Kingdom, amounting to approximately 460 Mt of CO2e. In the study conducted by [106], single-use plastics including bags, wrappers, and food containers, constitute a significant portion of litter, ranging from 50% to 88% across various environments.



To prevent microplastic pollution, an essential strategy involves innovations in packaging and product design. Manufacturers should prioritize the development of packaging that minimizes both waste and the release of MPs during usage and disposal. This initiative includes designing packaging that is easily recyclable, incorporating sustainable materials, or exploring package-free alternatives. Moreover, industries should adopt circular economy principles in product design, promoting reuse and recycling to diminish the overall production of plastic waste [65]. Applying eco-conscious product design and packaging practices can play a critical role in reducing MPs.





2.7. Ecological Restoration


This section highlights the importance of ecological restoration in mitigating the impacts of microplastic pollution on ecosystems and biodiversity. It shows the necessity of integrating this element into a comprehensive approach to effectively rehabilitate the aftermath of microplastic pollution in ecosystems.



2.7.1. Strategic Repair of Ecosystems


Microplastic pollution imposes complex damage on living and non-living ecosystems, as explained throughout the various sections of this article. In living ecosystems, the risk posed by MPs to wildlife is evident, resulting in consequences such as physical harm, malnutrition, and fatal outcomes upon ingestion by marine animals, birds, and terrestrial organisms [107,108,109]. The presence of MPs disrupts natural ecosystem processes, altering the behavior and feeding patterns of organisms, thus triggering cascading effects throughout the ecosystem (refer to Section 2.1.1). Conversely, in non-living ecosystems, MPs cast a pervasive impact and contaminate soils, affecting structure and nutrient cycling, influencing plant growth, and impacting microbial communities [110,111,112]. Water bodies, integral components of these ecosystems, become compromised as MPs adsorb pollutants and release harmful chemicals, threatening aquatic ecosystems. Furthermore, the atmospheric transport of MPs raises concerns about air quality and the potential introduction of these particles to new ecosystems.



The escalating extent of human-induced damage to Earth’s ecosystems necessitates a comprehensive strategy for ecosystem repair, positioning restoration ecology as a crucial component for our future survival. This concept holds significant relevance when applied to microplastic pollution, where ecosystems are adversely impacted [113]. Adopting restoration ecology principles becomes essential for mitigating the damage caused by MPs. Recognizing the dynamic nature of ecosystems affected by MPs, restoration goals should focus on future desired characteristics rather than static attributes from the past [114]. The concepts of restoration, reintroduction, and rewilding discussed in the context of land abandonment can also be applied to areas damaged by microplastic pollution and the wildlife affected by it. The reintroduction of native species that may have been impacted or displaced by MPs is analogous to efforts to return species to their former habitats. Additionally, rewilding, which involves allowing managed areas to return to a more natural and wild state, can be applied to regions affected by MPs, promoting the recovery of wildlife and ecosystems in the face of pollution [115].



Clear and achievable goals, informed by a thorough understanding of restoration options and their costs, are imperative in addressing the challenges posed by microplastic pollution. Additionally, developing effective and measurable success criteria, directly linked to restoration goals, is crucial in evaluating the success of restoration initiatives addressing the consequences of microplastic pollution [114].




2.7.2. A Holistic Approach to Restoration


While ecological restoration is of utmost importance, it needs to be part of a broader, holistic strategy to combat microplastic pollution effectively. A comprehensive approach should contain methods like reducing plastic usage, effective waste management, and policy implementation. Involving local communities, businesses, government agencies, and other stakeholders in decision-making processes can enhance the effectiveness and sustainability of restoration efforts. Community participation fosters a sense of ownership and responsibility for environmental stewardship, leading to more successful outcomes in restoring ecosystems affected by microplastic pollution. Furthermore, highlighting examples of successful community-led restoration projects and partnerships can inspire and guide similar initiatives in other regions or contexts [116,117]. Integrating restoration into this larger framework ensures that the restoration process aligns with the principle of sustainability and mitigates the risk of future microplastic pollution. Designing a holistic approach is essential to encourage the restoration of ecosystems in a manner that prevents recontamination and promotes sustainable and persistent recovery.






3. Conclusions


This article highlights our significant contribution in drawing up a comprehensive framework for understanding and addressing the issue of microplastic pollution. Through careful analysis, we projected global trends in plastic and microplastic production up to 2060 and generated original data, using newly published research as well as advanced data analysis methods. Our synthesized framework for microplastic mitigation encompasses various elements, including research and monitoring, waste management and recycling, circular economy principles, policy and regulation, education and awareness, industry collaboration and innovation, and ecological restoration. Drawing from existing research and our original insights, we have provided a broad understanding of how these components synergize to address the complex challenge of microplastic pollution. Our holistic approach, supported by previous research, underscores the urgency and complexity of the issue at hand.



Moving forward, collaborative efforts guided by the synthesized framework presented here and insights will be crucial in achieving tangible results in mitigating microplastic pollution and safeguarding our environment and health. Effectively combating this challenge requires a unified effort from individuals, industries, governments, and the global community. A comprehensive action plan, as outlined in this manuscript, is essential for systematically navigating this environmental challenge and raising awareness to combat microplastic pollution.
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Figure 1. Global Plastic Production from 1951 to 2060, with standard error. The graph was constructed using data up to 2022 [36,37]. Data analysis techniques were employed to extend the projection until 2060, with the standard error shading representing the associated uncertainty. 
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Figure 2. Timeline graph illustrating (A) the global production and projected trend of microplastics and (B) their cumulative impact from 1951 to 2060, using data from global plastic production (Figure 1) and microplastic production data from [38]. 
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Figure 3. Treemap illustrating global fiber production in 2021, categorizing natural, semi-synthetic, and synthetic fibers with data sourced from [42]. The pie charts within each fiber group show the associated products within their respective category. The microscopic image of a synthetic yarn demonstrates the effects of the washing process on silk threads and the separation of microfibers from the thread during the process. 
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Figure 4. LCA framework for car tire production and microplastic release in real-world scenarios. The yellow box represents the stage where MPs are actively produced and subsequently released through major pathways. 
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