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Abstract
Microplastics have emerged as pervasive contaminants in aquatic environments, with urban wastewater treatment plants acting as major pathways for their entry into receiving water bodies. Although conventional wastewater treatment processes remove a substantial proportion of microplastics, complete elimination remains challenging, and the mechanisms underlying removal variability are not fully understood. This study presents a structured review of microplastic removal technologies in urban wastewater, synthesizing evidence on treatment approaches, reported removal efficiencies, and emerging research trends. A systemic  literature search across major academic databases identified approximately 250 records, of which 19 studies met the inclusion criteria following staged screening and focused full-text assessment. The findings indicate that conventional wastewater treatment systems achieve median removal efficiencies of approximately 85–90%, primarily through sedimentation and sludge partitioning, yet residual microplastics persist in treated effluents. In contrast, advanced and hybrid treatment technologies consistently exceed 90% removal efficiency, with some studies reporting near-complete removal under optimized conditions. However, removal performance is strongly influenced by particle characteristics, including size, morphology, and polymer type, rather than treatment technology alone. Importantly, a significant proportion of microplastics is transferred from the aqueous phase into sludge, suggesting that current systems function as redistribution pathways rather than definitive removal solutions. This review provides a system-level perspective on microplastic removal and highlights the need for full-scale validation of emerging technologies, methodological standardization, and comprehensive assessment of microplastic fate to support effective wastewater management strategies.
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1. Introduction
Plastic pollution has become a defining environmental challenge of the twenty-first century, with microplastics emerging as a particularly pervasive and complex component of this global crisis. Microplastics, commonly defined as plastic particles smaller than 5 mm, originate from both the fragmentation of larger plastic debris and the direct release of manufactured microscopic particles used in industrial and consumer products(Karak et al., 2025; Lawal et al., 2025). Due to their small size, persistence, and resistance to biodegradation, microplastics are widely distributed across environmental compartments, including marine systems, freshwater bodies, soils, and even the atmosphere(Cavazzoli et al., 2025). Their ubiquity has raised significant concerns regarding ecological disruption and potential human health risks through exposure pathways such as water, food, and air(Jolaosho et al., 2025; Maurya & Kumar, 2026).
Urban wastewater systems are now recognized as a major conduit for microplastics entering aquatic environments(Fältström & Anderberg, 2020). Domestic and urban activities, including the laundering of synthetic textiles, personal care product usage, and degradation of plastic materials, contribute substantially to the continuous release of microplastics into municipal wastewater streams(Ali & Khan, 2026; Talukdar et al., 2024) . Wastewater treatment plants (WWTPs) therefore represent a critical control point in the environmental pathway of microplastics(Faauma et al., 2026). While these systems are not specifically designed to target microplastic particles, they play a pivotal role in intercepting and reducing their discharge into receiving water bodies(Sadia et al., 2022).
Existing evidence suggests that conventional wastewater treatment processes, including primary sedimentation, secondary biological treatment, and tertiary polishing, can remove a substantial proportion of microplastics. Reported removal efficiencies frequently exceed 80%, yet complete elimination is rarely achieved(Chalaris et al., 2023). Residual microplastics are consistently detected in treated effluents, indicating that current systems function as partial barriers rather than definitive solutions. Furthermore, a significant fraction of microplastics is transferred from the aqueous phase into sewage sludge, raising concerns about secondary environmental release through sludge disposal and reuse practices(Das et al., 2025; Faauma et al., 2026). These findings underscore the complexity of microplastic removal and highlight the need for a more nuanced understanding of treatment performance.
In response to these limitations, a growing body of research has focused on advanced and emerging treatment technologies, including membrane filtration, electrocoagulation, adsorption-based systems, and hybrid treatment configurations. These approaches aim to enhance removal efficiency through improved particle capture, aggregation, or physicochemical interactions. While many studies report high removal efficiencies under controlled conditions, the evidence remains fragmented across different technologies, treatment scales, and methodological approaches. Variability in sampling strategies, analytical techniques, and reporting metrics further complicates cross-study comparison and limits the ability to draw generalizable conclusions.
A critical limitation of the existing literature is its predominant focus on reporting removal efficiencies without adequately examining the underlying mechanisms driving variability. In particular, the extent to which reported removal reflects true elimination versus phase transfer into sludge is often overlooked. Additionally, there is limited integration of findings across conventional, advanced, and hybrid treatment systems within a unified analytical framework. As a result, it remains unclear which technologies offer the most effective, scalable, and sustainable solutions for microplastic mitigation in urban wastewater systems.
Addressing these gaps requires a systematic and integrative synthesis of the available evidence. A systematic review approach provides a transparent and reproducible framework for evaluating the literature, enabling the consolidation of findings across diverse studies and facilitating critical comparison of treatment technologies and performance outcomes. Such an approach is essential for advancing understanding beyond descriptive reporting and toward a more mechanistic and system-level interpretation of microplastic removal.
Therefore, this study aims to systematically synthesize current evidence on microplastic removal in urban wastewater treatment systems. Specifically, the objectives of this review are to (i) identify the treatment technologies employed for microplastic removal, (ii) evaluate reported removal efficiencies across different systems and operational conditions, and (iii) examine emerging research trends and key knowledge gaps. By integrating findings across studies and treatment scales, this review seeks to provide a clearer understanding of the capabilities and limitations of existing technologies and to inform future research and policy strategies for mitigating microplastic pollution in urban wastewater systems.

2. Methodology
2.1 Study Design
This study was conducted as a systematic review in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines. The objective was to synthesize existing evidence on microplastic removal technologies in urban wastewater treatment systems using a transparent, structured, and reproducible approach.
2.2 Search Strategy
A comprehensive literature search was conducted across three major academic databases: PubMed, Dimensions, and Google Scholar. The search was performed between January 2020 and March 2026 and was limited to studies published in English. The objective of the search was to identify studies addressing microplastics in wastewater treatment systems and their removal using various treatment technologies.
Database-specific search strategies were developed and adapted to reflect differences in indexing systems and search functionalities.
For PubMed, the following search string was used:
(“microplastics” OR “microplastic particles”) AND (“wastewater treatment” OR “wastewater treatment plant” OR “WWTP”) AND (“removal efficiency” OR “removal” OR “filtration” OR “membrane” OR “electrocoagulation” OR “adsorption”)
For Dimensions, a similar keyword-based search was applied:
“microplastics” AND “wastewater treatment” AND (“removal efficiency” OR “treatment” OR “filtration” OR “membrane” OR “electrocoagulation” OR “adsorption”)
For Google Scholar, a simplified search strategy was used due to platform limitations:
“microplastics wastewater treatment removal”
The search yielded a total of 250 records, including 150 records from Dimensions, 60 records from PubMed, and 40 records from Google Scholar. All retrieved records were exported and compiled into a single dataset for subsequent screening.
2.3 Study Selection Process
The study selection process followed a structured multi-stage screening procedure consistent with PRISMA guidelines. Initially, a total of 250 records were identified through database searching. Duplicate records were removed, resulting in 220 unique articles. These records were then screened based on their titles and abstracts to assess their relevance to microplastic occurrence and removal in wastewater treatment systems.
During this initial screening stage, 160 records were excluded because they did not directly address the research focus or lacked sufficient relevance. The remaining 60 articles were retrieved for full-text assessment. Each full-text article was evaluated against predefined eligibility criteria to determine its suitability for inclusion in the review.
A total of 41 articles were excluded at the full-text stage. The reasons for exclusion included lack of focus on wastewater treatment systems, absence of evaluation of microplastic removal technologies, classification as review articles or editorials, and insufficient reporting of removal efficiency or relevant data. Following this process, 19 studies met all inclusion criteria and were included in the final synthesis. The overall study selection process is presented in Figure 1 using a PRISMA 2020 flow diagram.
2.4 Eligibility Criteria
The inclusion and exclusion criteria applied during study selection are summarized in Table 1.
Table 1. Inclusion and exclusion criteria for the study

	Criterion Type
	Inclusion Criteria
	Exclusion Criteria

	Study type
	Peer-reviewed journal articles
	Reviews, editorials, opinion papers

	Language
	English
	Non-English publications

	Study focus
	Microplastics in wastewater treatment systems
	Studies not related to wastewater systems

	Outcomes
	Reports removal efficiency, treatment performance, or fate of microplastics
	No data on removal efficiency or treatment performance

	Study scale
	Laboratory, pilot, or full-scale studies
	Studies lacking empirical or experimental basis

	Data quality
	Provides sufficient quantitative or qualitative data
	Insufficient or unclear data



2.5 Data Extraction
Relevant data were systematically extracted from each of the included studies. Extracted information included study location, scale of operation, type of treatment technology employed, reported removal efficiencies, and key findings related to microplastic characteristics such as size, morphology, and polymer type. Additional information on operational conditions and treatment performance was also recorded where available.
2.6 Data Synthesis
The extracted data were synthesized using a qualitative approach to identify patterns and trends across the included studies. Treatment technologies were grouped into major categories, including conventional wastewater treatment processes, advanced treatment systems, electrochemical methods, adsorption-based technologies, and hybrid configurations. This categorization enabled comparative analysis of removal performance and facilitated the identification of key factors influencing microplastic removal efficiency.
3. Results
3.1 Study Selection
The literature search yielded approximately 250 records across the selected databases. After removal of duplicates, 220 unique records remained and were screened based on titles and abstracts.
A total of 160 records were excluded at this stage due to lack of relevance to microplastics in wastewater treatment. The remaining 60 articles were retrieved for full-text assessment.
Following full-text evaluation, 41 articles were excluded because they did not meet the inclusion criteria, including lack of focus on wastewater treatment, absence of removal technology evaluation, or insufficient data on removal efficiency. Ultimately, 19 studies were included in the final synthesis. The study selection process is summarized in Figure 1.
Figure 1 shows PRISMA 2020 flow diagram illustrating the systematic study selection process. The diagram shows the identification of 250 records across databases, removal of duplicates, screening stages, and final inclusion of 19 studies based on predefined eligibility criteria.
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Fig. 1 PRISMA 2020 flow diagram for new systematic reviews 
3.2 Study Characteristics
The included studies represent a diverse body of evidence encompassing full-scale wastewater treatment plants, pilot-scale systems, and laboratory-based experimental investigations across multiple geographic regions. As summarized in Table 2, the majority of studies were conducted at full scale, reflecting real-world treatment conditions, while a substantial proportion of laboratory studies focused on emerging technologies such as electrocoagulation, adsorption, and hybrid systems.
Table 2. Characteristics of Included Studies on Microplastic Removal in Urban Wastewater (n = 19)
	Study
	Country
	Study type
	Treatment technology
	Removal efficiency (%)
	Key findings

	AlShamaileh & Alzoubi (2025)
	Jordan
	Full-scale
	Municipal WWTP
	~62
	Partial removal observed; reduction from influent to effluent

	Conley et al. (2019)
	USA
	Full-scale
	Municipal WWTPs (3 plants)
	85–97
	High removal, though residual discharge persists

	Contreras-Llin & Diaz-Cruz (2024)
	Spain
	Full-scale
	Managed aquifer recharge with reactive barriers
	>90
	Reactive barriers enhanced retention

	Liu et al. (2020)
	Denmark
	Pilot
	Biofiltration polishing stage
	~79
	Improved removal in tertiary stage

	Flores-Munguía et al. (2023)
	Mexico
	Full-scale
	Conventional WWTPs (3 plants)
	82–98
	Consistent removal across stages

	Bayo et al. (2021)
	Spain
	Full-scale
	Tertiary (oxidation ditch, filtration, UV)
	~64
	Fibers less efficiently removed

	Mahmoudnia et al. (2023)
	Iran
	Laboratory
	Electrocoagulation
	~82.5
	Effective aggregation and removal

	Le et al. (2023)
	Vietnam
	Full-scale
	CAS, SBR, tertiary systems
	>80
	Performance varies by configuration

	Chen et al. (2025)
	China
	Full-scale
	Municipal WWTP
	73–86
	Seasonal variability observed

	Zhu et al. (2025)
	China
	Full-scale
	Municipal WWTP
	up to ~99
	Efficiency depends on size and polymer

	Setiadewi et al. (2026)
	Indonesia
	Full-scale
	Municipal WWTP
	>90
	High removal across treatment stages

	Alnasrawy (2026)
	Iraq
	Laboratory
	Banana peel adsorption
	97.5–>99
	Low-cost adsorbent highly effective

	Iordachescu et al. (2024)
	Mediterranean
	Full-scale
	Advanced WWTP
	99–99.95
	Near-complete removal achieved

	Indhur et al. (2025)
	International
	Laboratory
	Magnetic nanocomposites
	83–92
	High efficiency, reusable materials

	Mohd Napi et al. (2023)
	Malaysia
	Laboratory
	GAC filtration
	up to 95.5
	Strong tertiary treatment potential

	Perren et al. (2018)
	Switzerland
	Laboratory
	Electrocoagulation reactor
	up to ~99
	Highly effective under optimized conditions

	Li et al. (2024)
	China
	Full-scale
	Tertiary WWTPs (3 plants)
	76–91
	Significant reduction across stages

	Akarsu et al. (2021)
	Turkey
	Pilot
	Electrocoagulation + membrane
	~100
	Near-complete removal achieved

	Kim & Park (2021)
	South Korea
	Laboratory
	Electrocoagulation + carbon
	~90
	Aggregation enhances filtration


Across the included studies, microplastic characterization commonly relied on microscopy combined with spectroscopic confirmation techniques such as Fourier-transform infrared spectroscopy, enabling reliable identification of dominant polymer types including polyethylene, polypropylene, and polyethylene terephthalate (Flores-Munguía et al., 2023; Setiadewi et al., 2026).  Despite methodological differences, a consistent pattern was observed in particle morphology, with fibers and fragments representing the predominant forms across influent and effluent samples.

A key cross-study observation is the strong influence of particle size on removal performance. Larger particles were consistently removed more efficiently across treatment stages, whereas smaller particles remained detectable in treated effluents, indicating limitations in current treatment systems(Liu et al., 2020).
The methodological quality of the included studies was evaluated across key domains, including sampling design, identification methods, and reporting transparency, as summarized in Table 3.
Table 3: Quality assessment of included studies based on sampling design, identification methods, and reporting transparency.
	Study
	Sampling design
	Identification method
	Reporting transparency
	Overall quality

	AlShamaileh & Alzoubi (2025)
	Moderate
	FTIR
	Moderate
	Moderate

	Conley et al. (2019)
	High
	FTIR
	High
	High

	Contreras-Llin & Diaz-Cruz (2024)
	High
	FTIR
	High
	High

	Liu et al. (2020)
	Moderate
	FTIR
	High
	High

	Flores-Munguía et al. (2023)
	High
	FTIR
	High
	High

	Bayo et al. (2021)
	High
	Microscopy + FTIR
	High
	High

	Mahmoudnia et al. (2023)
	Moderate
	Microscopy
	Moderate
	Moderate

	Le et al. (2023)
	High
	FTIR
	Moderate
	High

	Chen et al. (2025)
	High
	FTIR
	High
	High

	Zhu et al. (2025)
	Moderate
	FTIR
	Moderate
	Moderate

	Setiadewi et al. (2026)
	High
	FTIR
	Moderate
	High

	Alnasrawy (2026)
	Moderate
	Microscopy
	Moderate
	Moderate

	Iordachescu et al. (2024)
	High
	FTIR
	High
	High

	Indhur et al. (2025)
	Moderate
	Spectroscopy
	Moderate
	Moderate

	Mohd Napi et al. (2023)
	Moderate
	Microscopy
	Moderate
	Moderate

	Perren et al. (2018)
	Moderate
	Microscopy + FTIR
	High
	High

	Li et al. (2024)
	High
	FTIR
	High
	High

	Akarsu et al. (2021)
	Moderate
	Microscopy
	Moderate
	Moderate

	Kim & Park (2021)
	Moderate
	Microscopy
	Moderate
	Moderate


As shown in Table 2, studies employing spectroscopic techniques such as FTIR or Raman spectroscopy generally demonstrated higher analytical reliability and were classified as high quality. In contrast, studies relying solely on visual identification were associated with greater uncertainty. Full-scale studies tended to exhibit stronger sampling designs, while laboratory-based studies often showed greater variability in reporting transparency. These methodological differences were considered in interpreting removal efficiencies across studies.
3.3 Treatment Technologies for Microplastic Removal (RQ1)
The included studies encompass a wide range of treatment technologies, which can be broadly categorized into conventional wastewater treatment systems, tertiary and advanced processes, electrochemical methods, adsorption-based systems, and hybrid treatment configurations.
As illustrated in Figure 2, microplastic removal in wastewater treatment systems occurs across multiple stages, with a significant proportion transferred from the aqueous phase into sludge rather than being completely eliminated.
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Figure 2. Conceptual pathways of microplastic removal and redistribution in urban wastewater treatment systems.
 The figure illustrates the movement of microplastics through primary, secondary, and tertiary treatment stages, highlighting that a significant proportion is transferred from the aqueous phase into sludge, while residual particles remain in treated effluent. This emphasizes that reported removal efficiencies often reflect phase transfer rather than complete elimination.

Conventional wastewater treatment plants remain the most widely investigated systems. Across full-scale studies, removal efficiencies ranged from approximately 62% to 97%, with most studies reporting values above 80% (AlShamaileh & Alzoubi, 2025; Chen et al., 2025; Conley et al., 2019; Li et al., 2024).  These systems primarily rely on physical separation mechanisms such as sedimentation and sludge partitioning, which result in substantial but incomplete removal of microplastics.
Tertiary and advanced treatment processes demonstrated improved performance. Biofiltration systems enhanced particle retention, particularly for larger particles (Liu et al., 2020), while advanced treatment configurations incorporating coagulation, flocculation, and filtration achieved removal efficiencies exceeding 99% (Iordachescu et al., 2024). Reactive barrier systems further highlighted the importance of material composition in enhancing microplastic retention(Contreras-Llin & Diaz-Cruz, 2024).
Electrochemical processes, particularly electrocoagulation, consistently demonstrated high removal efficiencies ranging from approximately 82% to over 99% depending on operational conditions (Mahmoudnia et al., 2023; Perren et al., 2018). These systems enhance removal by promoting particle aggregation, facilitating subsequent separation.
Adsorption-based technologies and emerging materials represent a rapidly evolving research area. Granular activated carbon achieved removal efficiencies up to 95.5% (Amirah Mohd Napi et al., 2023), while magnetic nanocomposites demonstrated removal efficiencies exceeding 90% (Indhur et al., 2025). Biowaste-derived adsorbents, such as banana peel materials, achieved removal efficiencies above 97% in real wastewater, highlighting their potential as sustainable alternatives(Alnasrawy, 2026.)
Hybrid systems combining multiple treatment processes consistently demonstrated superior performance. Electrocoagulation integrated with membrane filtration achieved near-complete removal approaching 100% (Akarsu et al., 2021), while combined electrocoagulation and activated carbon systems further enhanced removal efficiency(Kim & Park, 2021). 

3.4 Removal Efficiencies Across Technologies (RQ2)
A quantitative synthesis of the included studies reveals a clear gradient in removal performance across treatment types. The median reported removal efficiency for conventional wastewater treatment systems is approximately 85% to 90%, despite a wider reported range of 62% to 97% (AlShamaileh & Alzoubi, 2025; Conley et al., 2019; Flores-Munguía et al., 2023). In contrast, advanced and hybrid treatment systems consistently achieved removal efficiencies exceeding 90%, with several studies reporting values approaching or reaching complete removal(Akarsu et al., 2021; Iordachescu et al., 2024).
Importantly, these reported removal efficiencies do not necessarily reflect complete elimination of microplastics from the treatment system. Across the included studies, a substantial proportion of microplastics is retained through phase transfer from the aqueous phase into sewage sludge rather than being fully removed. Based on the synthesized evidence, sludge partitioning accounts for a major share of the reported 85–90% removal in conventional systems, indicating that these values primarily represent redistribution within the treatment process rather than definitive removal from the environment.

Electrochemical and adsorption-based systems also demonstrated high removal efficiencies, typically ranging between 82% and 99% under optimized conditions(Amirah Mohd Napi et al., 2023; Mahmoudnia et al., 2023) . However, these results are predominantly derived from laboratory-scale studies and may not fully reflect real-world performance.
Variability in removal efficiency across studies is strongly influenced by particle characteristics and operational conditions. Particle size emerged as the most significant determinant, with larger particles more readily removed across all systems, while smaller particles persisted in treated effluents(Liu et al., 2020). Particle morphology also influenced removal efficiency, with fibrous microplastics exhibiting greater resistance compared to fragments(Bayo et al., 2023).
Polymer type further contributed to variability, as low-density polymers such as polyethylene and polypropylene were more likely to remain suspended and evade removal processes(Flores-Munguía et al., 2023). Operational parameters such as pH, current density, and contact time significantly influenced the performance of electrochemical and adsorption-based systems(Mahmoudnia et al., 2023). These findings indicate that removal efficiency is best understood as a system-level outcome influenced by both particle properties and treatment conditions.
Overall, a clear performance gradient is observed across treatment categories. Conventional systems typically achieve removal efficiencies in the range of 62–97% (median ~85–90%), whereas advanced and hybrid systems consistently exceed 90%, with several studies reporting near-complete removal. Electrochemical and adsorption-based technologies fall within an intermediate-to-high range (approximately 82–99%), although these findings are largely derived from laboratory-scale studies. This comparison highlights that while advanced systems demonstrate superior removal efficiency, their performance advantage must be interpreted alongside considerations of scale, cost, and operational feasibility.

3.5 Research Trends and Knowledge Gaps (RQ3)
The evidence synthesized in this review highlights a clear shift in research focus toward advanced and hybrid treatment technologies capable of achieving higher removal efficiencies. This trend reflects growing recognition of the limitations of conventional wastewater treatment systems in addressing microplastic pollution.
However, a significant proportion of studies on emerging technologies are conducted at laboratory scale, with limited validation under real-world conditions (Indhur et al., 2025). This gap raises important questions regarding scalability and long-term operational feasibility.
Methodological variability remains a major challenge across studies. Differences in sampling design, particle size thresholds, and analytical techniques limit comparability and may contribute to inconsistencies in reported removal efficiencies. This issue is particularly relevant for smaller microplastics and nanoplastics, which remain difficult to detect and quantify.
Another critical gap relates to the fate of microplastics within treatment systems. While removal from wastewater is frequently reported, several studies indicate that microplastics accumulate in sludge rather than being fully eliminated(Iordachescu et al., 2024) . This introduces a secondary pathway for environmental contamination and highlights the need for a more comprehensive assessment of microplastic fate.
4. Discussion
The findings of this systematic review demonstrate that while substantial progress has been made in improving microplastic removal from urban wastewater, current treatment systems remain inherently limited in achieving complete and sustainable elimination. Across the included studies, conventional wastewater treatment plants consistently achieved high but incomplete removal efficiencies, typically exceeding 80% yet rarely approaching total removal (Chen et al., 2025; Conley et al., 2019; Flores-Munguía et al., 2023). This pattern reflects the reliance of conventional systems on physical separation mechanisms such as sedimentation and sludge partitioning, which facilitate particle retention but do not result in complete removal from the treatment system.
This review advances current understanding of microplastic removal in urban wastewater systems by moving beyond descriptive reporting of removal efficiencies toward a mechanistic and system-level interpretation of treatment performance. By integrating evidence across conventional, advanced, and hybrid treatment technologies, the analysis demonstrates that removal efficiency is not an intrinsic property of a given technology, but rather a function of interactions between microplastic characteristics and treatment processes. In particular, particle size, morphology, and polymer properties emerge as dominant determinants of removal outcomes across treatment systems. This perspective provides a more nuanced framework for evaluating wastewater treatment performance and addresses a key limitation in the existing literature, which often reports removal efficiencies without considering the underlying mechanisms driving variability.
Despite the high removal efficiencies reported across many studies, these values should be interpreted with caution. A key limitation in the current evidence base is the reliance on removal efficiency as the primary performance metric, which often does not distinguish between true elimination and phase transfer into sludge. As a result, treatment systems may appear highly effective while still contributing to secondary environmental contamination through sludge disposal pathways. This highlights a critical gap in existing research, where insufficient attention is given to the full life-cycle fate of microplastics beyond the aqueous phase.

A critical insight emerging from this synthesis is that conventional wastewater treatment systems function primarily as redistribution pathways rather than definitive removal solutions. While a substantial proportion of microplastics is removed from the aqueous phase, a significant fraction is transferred to sludge (Iordachescu et al., 2024). This distinction has important environmental implications, as sludge disposal practices may reintroduce microplastics into terrestrial and aquatic systems. The widespread emphasis on removal efficiency in the literature therefore risks overestimating the effectiveness of current treatment systems if the fate of microplastics beyond the liquid phase is not considered.
The transition toward advanced and hybrid treatment technologies reflects increasing recognition of the limitations of conventional systems. Technologies such as electrocoagulation, membrane filtration, and adsorption-based systems demonstrate markedly higher removal efficiencies, often exceeding 90% and in some cases approaching complete removal under optimized conditions (Akarsu et al., 2021; Amirah Mohd Napi et al., 2023; Perren et al., 2018). Unlike conventional systems, these technologies actively modify particle properties through aggregation, adsorption, or physicochemical interactions, thereby enhancing removal performance. Hybrid systems, in particular, consistently outperform single-process approaches, suggesting that process integration is a key determinant of effective microplastic removal (Akarsu et al., 2021; Kim & Park, 2021).
Despite these promising developments, a substantial gap remains between laboratory-scale performance and real-world applicability. Many advanced technologies, including nanocomposite adsorption systems and biowaste-derived adsorbents, have been evaluated primarily under controlled experimental conditions(Alnasrawy, 2026; Indhur et al., 2025). While these studies report high removal efficiencies, their scalability, operational stability, and cost-effectiveness in full-scale wastewater treatment systems remain uncertain. This disconnect highlights a critical need for pilot-scale and full-scale validation to assess the feasibility of implementing these technologies in practice.
The analysis also underscores the central role of microplastic characteristics in determining treatment performance. Particle size consistently emerges as the most influential factor, with larger particles more readily removed across all treatment systems, while smaller particles persist in treated effluents(Liu et al., 2020). Morphological differences further complicate removal, as fibrous microplastics exhibit lower settling velocities and reduced capture efficiency compared to fragments (Bayo et al., 2023). Polymer type also influences removal behavior, particularly for low-density materials such as polyethylene and polypropylene, which are more likely to remain suspended in the water column(Flores-Munguía et al., 2023). These findings highlight the need for treatment strategies that account for the physicochemical diversity of microplastics rather than relying solely on process optimization.
Another key challenge identified in this review is the lack of methodological standardization across studies. Variations in sampling protocols, particle size thresholds, and analytical techniques limit comparability and may contribute to inconsistencies in reported removal efficiencies(Khan & Zaidi, 2025). Studies employing spectroscopic techniques such as Fourier-transform infrared spectroscopy or Raman spectroscopy provide more reliable identification of microplastics, whereas those relying solely on visual identification may be subject to misclassification bias(Villegas-Camacho et al., 2025). Addressing this issue will require the development of standardized methodologies to enable more consistent and comparable assessment of treatment performance.
From a practical perspective, the findings of this review have important implications for both technology development and policy. The superior performance of advanced and hybrid treatment systems suggests that upgrading existing wastewater infrastructure will be necessary to achieve meaningful reductions in microplastic discharge. However, such upgrades must be balanced against considerations of cost, energy demand, and operational complexity, particularly in low- and middle-income settings. In this context, low-cost and sustainable solutions such as biowaste-derived adsorbents offer a promising alternative, although further validation is required to confirm their effectiveness under real-world conditions(Alnasrawy, n.d.; Mutegoa, 2024).
Taken together, the evidence indicates that effective microplastic removal cannot be achieved through isolated improvements in individual treatment processes. Instead, it requires a shift toward integrated system design, incorporation of particle-specific considerations, and a broader evaluation of microplastic fate across treatment and disposal pathways. By reframing microplastic removal as a system-level challenge rather than a technology-specific problem, this review provides a more comprehensive foundation for guiding future research and informing wastewater management strategies.
Importantly, the apparent superiority of advanced and hybrid systems is primarily based on controlled experimental conditions, and direct comparison with full-scale conventional systems remains limited. This disparity underscores the need for standardized performance metrics and full-scale validation studies to enable more meaningful cross-technology comparisons.

5. Limitations of the Review
This review is subject to several limitations. First, the included studies exhibit considerable heterogeneity in methodology, including differences in sampling strategies, analytical techniques, and reporting metrics, which may affect comparability across studies. Second, the inclusion of both laboratory-scale and full-scale studies introduces variability in reported performance, as laboratory conditions may not fully reflect real-world operational complexities. Third, some studies lacked detailed reporting on particle size distribution, polymer composition, and operational parameters, limiting the ability to perform deeper quantitative comparisons. Finally, although efforts were made to include only peer-reviewed studies, publication bias toward positive results may influence the overall assessment of treatment performance.

6. Conclusion
Microplastic removal in urban wastewater treatment systems has advanced significantly, yet remains incomplete and uneven across technologies. Conventional treatment processes provide substantial but insufficient removal, while advanced and hybrid systems demonstrate the potential for near-complete elimination under optimized conditions. However, the effectiveness of these technologies is strongly influenced by particle characteristics and operational factors, and their scalability remains uncertain.
Addressing the challenge of microplastic pollution in wastewater requires a coordinated approach that integrates technological innovation, methodological standardization, and systems-level thinking. Without such an approach, current treatment systems will continue to act as partial barriers rather than definitive solutions to microplastic contamination.
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