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Abstract

Microplastics (MPs) in wastewater treatment plants (WWTPs) have received
significant attention from researchers in recent years as WWTPs are a vital
pathway for leaching MPs into the environment. This study employs
bibliometric analysis to explore the evolution and emerging trends in research
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Abstrak

Kewujudan mikroplastik (MP) dalam loji olahan air sisa (WWTP) felah
mendapat perhatian yang signifikan daripada penyelidik sejak beberapa
tahun kebelakangan ini kerana WWTP merupakan laluan utama bagi
pelepasan MP ke persekitaran. Kajian analisis bibliometrik ini bertujuan untuk
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memberikan pemahaman yang jelas tentang keadaan semasa penyelidikan
mengenai MP dalam WWTP. Ini dicapai dengan menggunakan pelbagai
teknik bibliometrik untuk menganailisis literatur serta mengenal pasti corak
penerbitan, pengarang terkemuka, jurnal dan negara yang menyumbang
kepada penyelidikan dalom bidang ini. Sebanyak 205 penerbitan
penyelidikan telah dianalisis dalam kajian ini berdasarkan kata kunci utama
seperti "mikroplastik’ dan "WWTP" dan "Effluen”. Didapati bahawa para
penyelidik fidak menunjukkan minat terhadap MP dalam WWTP sebelum
tahun 2015. Namun, sekitar 84.4% artikel telah diterbitkan dari 2020 hingga
2024, yang menunjukkan perkembangan pesat dalam bidang kajian ini.
China mendahului dari segi bilangan penerbitan dalam bidang berkaitan.
Sehingga kini, 52 negara telah menyumbang kepada kajian ini. Tumpuan
utama dalam bidang penyelidikan ini telah dikenal pasti berdasarkan analisis
pengelompokan kata kunci. Analisis menyeluruh ini adalah penting untuk
meningkatkan pemahaman kita tentang keadaan dan kewujudan
mikroplastik dalam WWTP dan efluennya. Kajian ini juga memberikan
perspektif untuk kajian masa depan berkaitan MPs dalam WWTP.

Kata kunci: Mikroplastik, Loji olahan air sisa, pencemaran, efluen, Analisis
bibliometrik

© 2026 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Massive consumption and application of plastic in
every industry in the world have made a huge
accumulation of plastic waste in the environment [1].
Plastics which are synthetic organic polymers made
from petroleum oil, natural gas, coal, or converted
natural products [2], are popular due to their nature of
being lightweight, versatile, and durable [3]. However,
the downside of this durability is its persistence in the
environment, leading to long-term accumulation [4].
The United Nations Environment Program (UNEP) has
stated that the annual plastic generation is 400 million
tons [5]. Moreover, only 9% of plastic waste has been
recycled, 12% of it has been incinerated and the
remaining 79% of plastic waste has accumulated in the
environment [6].

Plastic particles that are less than 5mm [7] are
known as MPs [8], have become a human-induced
stressor affecting both terrestrial and aquatic
ecosystems [?]. MPs can be classified into two types
based on their origin: primary MPs and secondary MPs.
Primary MPs are intentfionally produced in micro sizes,
and secondary MPs result from the degradation of
larger plastic materials [10]. These are further classified
by shape, including foams, fibres, films, and fragments
[11]. Plastic breaks into small-sized particles without
undergoing a complete degradation [12]. MPs are
persistent due to their slow degradation [13] and
insolubility in water [14], making their prevalence in the
environment particularly challenging to address.
WWTPs are recognized as the main source that releases
millions of MPs info the environment [15][16][17]. The
plastic undergoes the physical abrasion, biofouling,
and chemical oxidation-related weathering during the
different stages of WWTPs which generate MPs [18].
Cunsolo [19] has mentfioned that an average of 5.6

million MPs were emitted to the environment annually
per person from the sewers and an estimated 6.5 x 108
MPa were released daily from seven WWTPs info
Xiamen Bay [20]. Around 95% of MPs removed during
freatment accumulate in sludge [21], while the
remaining MPs are discharged as effluent into the
surface waters, contributing to both aquatic and
terrestrial pollution [22]. The efficiency of MP removal
varies depending on treatment methods [19], with
primary and secondary freatments achieving removal
rates between 70% and 99% and 7% to 20%,
respectively [23][24].

MPs could also act as carriers of pollutants and
pathogens due to their hydrophobic properties [25].
Effluent from WWTPs is a significant pathway for
bacterial attachment to MPs, facilitated by biofilm
formation in the presence of high inorganic nutrient
levels [26]. Core bacterial groups remain attached fo
the MPs and are discharged from WWTPs to the
environment [27]. Their presence in the environment
can lead to the interaction of MPs with terrestrial and
marine biota [28].

Numerous studies have reported chronic toxicity of
MPs in humans and other organisms due to prolonged
exposure [29][30]. Furthermore, MPs have been foundin
the guts of aquatic organisms such as crab, fish, mussel,
prawn, mud creepers, etc. [31][32][33]. MPs also disrupt
the basic intestinal functions in both vertebrates and
invertebrates, leading to a wide range of negative
effects [34][35]. Desforges et al. [36] have found the
presence of MPs in marine plankton and Schwabl et al.
[37] have found MPs in human waste. Therefore, the
presence of MPs poses a significant impact on living
organisms in the environment.

There are several systematic reviews on MPs from
WWTPs that focus on topics such as detection methods,
removal efficiencies, or environmental impacts [38].
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However, these reviews often lack a comprehensive
quantitative assessment of the research landscape and
its development over time. Growing concerns over the
presence of MPs in sludge and effluent along with their
ecological and health risks, highlight the need for a
bibliometric approach to identify key contributors,
influential publications, emerging research hotspots,
and underexplored areas within this field of study.
Bibliometric analysis offers a distinct and valuable
perspective by systematically mapping research
trends, collaboration networks, and knowledge gaps
[39.40].

This study on bibliometric analysis is aimed at provide
a clear understanding of the present state of research
on MPs in WWTPs. This is achieved by employing arange
of bibliometric techniques to analyse literature and fo
identify the publication pattern, prominent authors,
journals and countries contributing to the research in
this field.

2.0 METHODOLOGY
2.1 Collection and Screening

The data collection and screening related fo this study
were conducted using the Scopus database. Scopus
provided the highest number of documents compared
to Web of Science search and PubMed [41]. The
keywords: (“microplastic”, "WWTP” AND *“effluent”)
were used for the search. The database has
publications based on these keywords from 2015 to
2024. The bibliomeftric search began in 2015 because
the first study on MPs in WWTPs was conducted by
Talvitie in 2015[42]. There were around 397 publications.
The documents were further screened based on the
document type, subject area, language, publication
stage, and source fitles. Furthermore, the search was
restricted to publications only in the English language.
In addition to that, the journals published more than 10
arficles related to MPs were taken into consideration to
improve the accuracy of the data. Moreover, the
subject areas were limited to Environmental sciences
and Engineering. Then the screened search results
yielded around 205 publications. Table 1 shows the
search sfring used for the search of literature in the
Scopus database and Figure 1 shows publications while
avoiding unrelated fields [43]. The required documents
were downloaded from the Scopus database on
August 15th, 2024. Citation data was also downloaded,
which is available in the Scopus Report feature.

2.2 Bibliometric Analysis

Bibliometric analysis involves quantitative methods for
evaluating different aspects of scholarly literature,
including publication patterns, citation relationships,
author productivity, and journal impact factors [44][45].
This method of analysis is widely used in academic and
research institutions to evaluate research productivity,
identify emerging frends, and inform strategic decisions
in funding dallocation and policymaking. Suitable

keywords must be entered for an effective literature
search.

Table 1 The search string

Database Search strings

Scopus  TITLE-ABS-KEY ( microplastics, AND , "wastewater
freatment plant" , AND effluent) AND PUBYEAR >
2014 AND PUBYEAR < 2025 AND ( LIMIT-TO (
DOCTYPE, "ar') OR LIMIT-TO ( DOCTYPE, "re") )
AND ( LIMIT-TO ( LANGUAGE , "English" ) ) AND (
LIMIT-TO ( PUBSTAGE , 'final") ) AND ( LIMIT-TO (
SRCTYPE, '[")) AND ( LIMIT-TO ( EXACTSRCTITLE ,
"Science Of The Total Environment") OR LIMIT-TO (
EXACTSRCTITLE , "Water Research" ) OR LIMIT-TO (
EXACTSRCTITLE , "Environmental Pollution" ) OR
LIMIT-TO ( EXACTSRCTITLE , "Chemosphere" ) OR
LIMIT-TO ( EXACTSRCTITLE , "Marine Pollution Bulletfin”
) OR LIMIT-TO ( EXACTSRCTITLE , "Environmental
Science And Pollution Research” ) OR LIMIT-TO (
EXACTSRCTITLE , "Journal Of Hazardous Materials" )
OR  LIMIT-TO ( EXACTSRCTITLE ,  "Journal Of
Environmental Management” )  OR  LIMIT-TO (
EXACTSRCTITLE , "Chemical Engineering Journal" )
OR LIMIT-TO ( EXACTSRCTITLE , "Water Science And

Technology") )
Data collection
Keywards J “microplastics” and “Wastewater treatment
plant” AND Effluent
¥
Data screening
Year 2015 —2024
Document type Article, Review
Language English
Publication stage Final
Source titles Top 10 journals
A
Data Analysis
Co authorship - countries
Co authorship - authors
Bibliometric Analysis using VOS viewer Co authorship - organization
Journal
Co- occurrence keywords

Figure 1 Flowchart of this study

This study focuses on top-tier publications from
journals that are highly active and influential in the field.
In order to ensure the inclusion of high-impact and
widely recognized research, the analysis prioritized
journals with at least 10 publications on MPs in WWTPs.
This criterion was adopted to focus on journals actively
contributing fo the relevant research field and to
prioritize prominent sources.

2.3 Data Analysis

VOSviewer is a visualization tool that was used for the
analyses and publishing data to produce web maps.
Distance-based visualization is created in this software
in which more closely related terms are located closer
[46]. Co-occurrence maps of all keywords can be
produced using this software. However, the keyword
should have appeared at least ten times in a
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publication to be included in the map [46]. Here, the
Items with higher weight have larger labels and circles
[47]. Furthermore, Microsoft Excel 2020 was also used for
data organization and analysis.

3.0 RESULTS AND DISCUSSION

3.1 Chronological and subject analysis of MPs in
WWTPs

There were around 10,879 publications related to the
existence of MPs in the environment from 2006 to 2024.
However, the number of studies on the existence of MPs
in WWTPs has received attention since 2015. There are
around 397 research papers published related to MPs in
WWTPs from 2015 to 2024. However, only 205
publications were found eligible for the analysis after
screening.

3.1.1  Publication trends and regional contributions

Figure 2 (a) shows the temporal trend of articles
published from 2015 to 2024. The number of publications
related to MPs in WWTPs grew slowly from 2015 to 2018.
It can be seen that the number of publications
remained low, with fewer than 10 papers per year until
2018. There was a gradual increase in 2019, followed by
a significant acceleration from 2020 onward. Around
84.4% of articles were published between 2020 and
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2024. This reflects the growing scientific interest in MPs
due to their inherent potential to generate
environmental toxicity and adverse health effects on
humans and aquatic life [48].

Figure 2 (b) shows that Finland emerged as the initial

confributor, publishing the first artficle in 2015 on MPs in
WWTP due fo its strong environmental commitment [49],
and the vulnerability of the Baltic sea to MPs pollution
[50]. Early investigations showed that WWTPs act as a
potential point source of MPs in the Baltic Sea [51].
Finland's active participation in European Union
environmental  programs  further supported its
pioneering role in microplastic research [52]. Only three
countries published articles on the following year 2016.
Only Europe, America and Australia were publishing
articles until 2017. From 2018 Asian and African countries
also started contributing to the field. This shows a
gradual increase in the publication of articles by
different countries.
China leads in the number of published articles from
2015 to 2024, with approximately 55 publications,
followed by Spain and United states with 23 articles
each. China began to publish the articles from 2018.
Average publication from China is 22.2% from 2018 to
2024, while Spain and the United States each
contributed 9.3%. This shows the growing interest of
Chinese researchers in the field in recent years. Recent
studies highlight China's leading role in wastewater
management research, particularly regarding MPs,
contaminants, and freatment technologies [53].
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Figure 2 (a) Annual publications in MPs in wastewater freatment plants, (b) The top 10 most countries based on the articles published
each year. FIN= Finland, USA = America, AUS=Australia, UK=United Kingdom, GER=Germany, NET=Netherlands, SLO=Slovakia,
SWE=Sweden, CAN=Canada, CHI=China, GRE=Greece, SK=South Korea, HON= Hong Kong, ITA=Italy, DEN=Denmark, SPA=Spain,

BEL=Belgium, TUR=Turkey, NOR=Norway, IND=India, JAP=Japan
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Figure 3 shows the overall number of publications from
top 10 countries from 2015 to 2024.

Documents by country or territory Scopus
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span [ -
s | 17
United Kingdom _14
south Korea | 11
inda [N 7

0 § 10 15 €0 25 3 36 40 45 5 55 60

Documents
Copyright © 2024 Elsevier B.V. All rights reserved, Scopus® is a registered trademark of Elsevier B.V.

Figure 3 Number of articles published by different countries
from 2015 to 2024

International collaboration has also increased
among countries from 2019 to 2023. As shown in Figure
4, China, Spain, and the United States are the most
active in partnerships, reflecting the increasing global
cooperation on MP-related challenges.

3.1.2  Subject area

Table 2 shows the distribution of publications by
subject areas. It could be seen that the related
research field is dominated by the field of
Environmental Science (56.2%), and it is followed by
the field of Engineering (10.1%). Environmental
Science has a significantly higher number of
publications compared to other fields, indicating it as
a prioritized research field. The topmost fields that
have contributed to the publications in the related
study are "Environmental Science”, “Engineering”,
“"Chemistry”,  "Pharmacology, Toxicology and
Pharmaceutics”, “Medicine”, "“Agricultural and
Biological Sciences”, “Earth and Planetary Sciences”
and “Chemical Engineering”. However, Chemical
Engineering has the fewest publications which
indicates less research activity in this field.

3.2 Citations

Table 3 is derived from VOSviewer, based on citation
analysis by country, and it shows the top ten countries
based on the number of citations. Citations are often
used to determine the impact factor of a journal [54].
The minimum number of citations per country was
selected as fifty. 39 countries out of 52 met the
threshold. Figure 5 shows the citation analysis by
country using VOSviewer. Although China leads in the
number of publicafions, the United Stafes surpasses

China in terms of citation impact. The Unites states has
around 4038 citations, while China has 3099 citations.
This shows the high impact of research publications in
the United Statfes indicating that publications from
United States receive considerable attention and
influence in the related field. It can be seen that the
Finland ranks third with 2961 citations, despite having
only 8 publications. Netherlands, Finland and Mexico
rank the top three places in terms of the average
citations per publication having the values of 388.4,
370.1 and 327.0 respectively. This shows the significant
influence of countries in the research field regardless
of the number of publications. However, China has
the lowest average citation per publicafion (56.3) in
the top ten countries. This indicates the lowest impact
per publication despite having the highest number of
publications.

Table 2 Distribution of publication by subject areas

Subject area Distribution of publication

Environmental Science 56.2%
Engineering 10.1%
Chemistry 9.6%
Pharmacology, Toxicology 7.4%
and Pharmaceutics

Medicine 5.5%
Agricultural and Biological 4.4%
Sciences

Earth and Planetary 4.4%
Sciences

Chemical Engineering 2.5%

Table 3 Top ten countries based on the number of citations

Country No. of Citation Citations per
publications Publication

United States 23 4038 175.6
China 55 3096 56.3
Finland 8 2961 370.1
United 14 2151 153.6
Kingdom

Netherlands 5 1942 388.4
Spain 23 1798 78.2
Australia 17 1749 102.9
Germany 13 1611 123.9
Canada 5 998 199.6
Mexico 3 981 327.0

The confribution of Southeast Asian countries to the
field of MPs in the environment has been significant in
recent years, with Thailand (49 studies), Indonesia (45),
Malaysia (27), Vietnam (21), and the Philippines (15)
leading in publication output. Most of these studies
focus on MPs in freshwater, biota, and sediments [55].
However, research on MPs from WWTPs remains
limited across the region when compared to countries
such as the United States, China, and European
countries.
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3.3 Publication distribution Co-Citation relationship
among the publications

Only journals with more than 10 articles on MPsin WWTPs
were considered during screening to ensure data
accuracy. This approach facilitates the identification of
relevant journals and enhances scholarly
understanding by examining current literature. Figure 6
shows that the screening resulted in 205 publications,
comprising 180 arficles (87.8%) and 25 review articles
(12.2%).

Review (12.2%)

Article (87.8%)
Copyright © 2024 Elsevier B.V. All ights reserved. Scopus® is a registered trademark of Elsevier B.V

Figure 6 Published documents by type

The dominance of research arficles highlights a
strong emphasis on peerreviewed work, while the
presence of review articles reflects the depth of
research and understanding in the field. Table 4 shows
the top ten journals selected for this study, including the
number of publications, cite score, citation and citatfion
strength per article. The journal fitled Science of the
total environment ranks first, contributing around 30.2%
of the total publications and having a cite score of 17.6.
The cite score was sourced from Scopus database,
while the number of citafions was obtained from
VOSviewer, in order to calculate the citation strength
per arficle. Although Water Research published 28
articles, it has the highest citation strength per arficle
(260.8). The Journal of Hazardous Materials holds the
highest cite score among the listed journals.

The co-citation analysis was done using VOSviewer,
and the resultis shown in Figure 7, which helps to identify
influential  publications and authors, and the
connections between different research topics [56].
Co-citation refers to the practice of journals, authors, or
references being cited together by researchers [57].
Journals with a minimum number of citations per journal
were limited to 20 in this analysis. 66 journals out of 2486
met the threshold. Each circle represents a journal, and
the size of the circle shows the total link strength of the
journal. The connecting lines show the co-citation
relationship, and the thickness of the lines shows the
strength of co-citation between the journals. Science of
the total environment, Water research, Marine pollution
bulletin, Environmental science and pollution research,
and Environmental pollution are the top five journals in
terms of the number of co- citations and the fotal link
strength.

Table 4 Top 10 journals published articles in the related field

Journals No. of cite citations Citation
Articles | score strength

Science of the
total 62 17.6 3788 61.1
environment
Water
research
Environmental 27 160 | 2185 80.9
pollution

Chemosphere 26 15.8 1747 67.2
Marine
pollution 16 10.2 2706 169.1
bulletin
Environmental
science and
pollution
research
Chemical
engineering 9 21.7 897 99.7
journal
Journal of
environmental 9 13.7 542 60.2
management
Journal of
hazardous 9 25.4 187 20.8
materials
Water science
and 8 4.9 769 96.1
technology

28 20.8 7303 260.8

11 8.7 622 56.5

3.4 Keywords analysis

Figure 8 shows the most frequently keyword analysed
using VOSviewer. The most frequent keywords were
“wastewater treatment, Microplastics, Microplastic,
effluent and article” which occurred around
194,186,184,171 and 159 times respectively. The
keyword “Microplastics” and “wastewater treatment”
appear to be a central focus, having connections to
keyword such as "water pollutants® and "plastic
pollution." This shows the current research trend on the
interaction of MPs with the environment and the
removal of MPsin WWTPs. Cluster 1 has 55 items, which
focuses mainly on the MP and plastfics pollution in
wastewater treatment and environmental monitoring,
which includes the main keywords such as
“"wastewater  treatment”,  "microplastics”  and
“plastics”. Cluster 2 has 38 items, which describes the
types types of MPs and detection methods, includes
main keywords such as “article”, “polymer” and "mass
spectrometry”. Cluster 3 has 31 items, which mainly
deals with fate of MPs in the WWTP effluent, and it
includes the main keywords such as *“sludge”,
“sewage sludge” and ‘suspended particulate
matter”. Cluster 4 has 23 items, which delves into the
role of the WWTPs in the removal of MPs and includes
the main keywords such as “adsorption”, “filtration”,
and ‘“effluent treatment”. Generally, a shorter
distance between the keyword shows a stronger
connection.
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3.5 Research hotspots and future directions

This bibliometric study of MPs in WWTPs has revealed
several key research hotspots that need further
exploration. These include understanding the fate and
fransport of MPs within WWTPs and their subsequent
release into the environment, evaluating the removall
efficiency of various treatment tfechnologies,
investigating the interactions between MPs and other
environmental  contaminants, and  improving
detection methods for accurate monitoring.

3.6 Fate of MPs in WWTP and the effluent

Researchers have increasingly focused on the
transport, release, and fate of MPs in WWTPs in recent
years [58][59][60]. However, literature has reported
significant  removal of MPs in the treatment
undertaken in WWTPs [61][62][63]. MPs are removed
when they are adsorbed onto suspended solids during
both primary and secondary freatment stages of
wastewater treatment [64]. Sun et al. [65] have
reported that around 35%-59% of MPs were removed
during the preliminary treatment, while the 50% -98%
were freated after the primary treatment. Any MPs
that are not removed by WWTPs will end up in rivers
and ultimately flow into the oceans [66]. Conley et al.
[67] have found that 100 million to 500 million MPs were
released from three WWTPs in the USA.

The keyword analysis has shown the main hotspots
in this research field. The central and frequently co-
occurring  keywords such as  “microplastics,”
“wastewater freatment,” and ‘“plastics,” reveal a
stfrong emphasis on the occurrence, monitoring, and
tfreatment of MPs within WWTPs. Distinct clusters further
indicate focused research on analytical methods,
polymer identification, and environmental monitoring.
However, the keywords like ‘“removal efficiency,”
“adsorption,”  “filtration,” “river pollution,” and
“sediment” appear less frequently. This suggests that
the presence and treatment of MPs in WWTPs are well
studied, while the detailed mechanisms of removal,
fransport post-freatment, and environmental impacts
are still underexplored. There is limited insight info the
processes governing MP interactions within different
freatment stages such as adsorption dynamics,
aggregation, and fragmentation. Furthermore, the
fate of MPs released in freated effluents such as their
fransport  pathways, degradation rates and
accumulation in receiving water bodies requires more
attention. Additionally, the potential influence of
varying operational conditions, seasonal variations,
and different types and sizes of MPs on treatment
effectiveness remains underexplored.

There are several key areas that require further
investigation. One key area is the development of
new or enhanced freatment technologies specifically
designed fo improve MP removal efficiency, as the
WWTPs are not designed to freat MP [68]. Although
conventional processes can reduce MP loads
significantly, optfimizing and innovafing treatment
methods could more effectively limit MP release into

the environment. Furthermore, the behaviour of MPs
after their release into receiving environments such as
rivers, lakes, and oceans needs deeper exploration.
This includes investigating transport mechanisms,
degradation processes, and accumulation hotspots,
which are essential for predicting environmental
impacts and designing effective mitigation strategies.
Additionally, the influence of operational parameters
such as hydraulic retention times, temperature
fluctuations, and seasonal variations on MP removal
performance remains insufficiently studied. Similarly,
the role of MP specific characteristics such particle
size, polymer composition, and shape requires further
investigation to understand how these factors affect
their interaction with freatment processes. Addressing
these research pricrities will improve scientific
understanding of MP dynamics within WWTPs and their
receiving environments.

3.7 MP removal efficiency of different types of
technologies

Recent studies have emphasized that the type and
configuration of the treatment system strongly
influence the concentration of MPs in the final effluent
from WWTPs [69][70]. The removal efficiency rates of
different technologies were compared in the
literature.

The conventional activated sludge (AS) process
and its alternative configurations are the most widely
studied secondary treatment method for MP removal
[19]. These systems have shown high removal rates
depending on operational parameters and influent
characteristics [71], [72]. Biofilters including trickling
filters also demonstrate significant efficiency on the
removal of MPs [73], [74]. The sequential batch reactor
(SBR) is considered one of the most efficient
alternative configurations for AS in ferms of MP
removal [75]. However, these values vary across
studies due to differences in sampling methods, MP
size categories, and polymer types, which impact
removal rates [76]. The membrane bio reactor (MBR)
is the most popular tertiary freatment method in ferms
of MPs [68], [77]. [78]. MBR systems combine
conventional biological freatment with membrane
filtration, which enables the physical retention of MPs.
Furthermore, there are also other technologies
mentioned in the literature such as rapid sand filfration
(RSF), reverse osmosis (RO), disc filter (DF), dissolved air
flotation (DAF), and freatments with ozone [79], [80].
[81] for the removal of MPs. These technologies are less
commonly implemented due fo operational costs,
complexity, and membrane fouling issues. Ahmed et
al. [82] have highlighted the effectiveness of various
technologies in removing MPs, ranking them from
highest to lowest. Table 5 shows the MP removal
efficiencies of different types of treatment methods.
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Table 5 MP removal efficiencies of different types of
freatment methods

Table 6 Factors influencing the interaction of MPs with other
contaminant

MP
removal Treatment

Efficiency | Stage References

Treatment type

(%)
Activated Sludge 80-98 Secondary [19]. [71].
(AS) [72]
Biofilters 50-80 Secondary [73]
Trickling Filter 88-98 Secondary [74]
Sequential Batch ~92 Secondary [75]
Reactor (SBR)
Membrane 99.4-99.9 Tertiary [68]. [77].
Bioreactor (MBR) [78]
Rapid Sand ~97.1 Tertiary [82]
Filtration (RSF)
Reverse Osmosis > 99 Tertiary [79]. [80]
(RO)
Dissolved Air ~95 Tertiary [82]
Flotation (DAF)
Electrocoagulation > 90 Tertiary [82]
Constructed ~88 Tertiary [82]
Wetlands

Future research to improve MP removal should
focus on enhancing existing treatment processes by
infegrating advanced filfration and separation
techniques with conventional biological methods and
optimizing operational parameters such as hydraulic
retention time, sludge age, and aeratfion ratfes.
Additionally, improving membrane-based systems
requires a deeper understanding of how membrane
characteristics such as material type, pore size, and
operafing pressure affect the MP removal
performance. Furthermore, addressing operational
challenges like membrane fouling and cake layer
formation is essential to maintain the long-term
efficiency of membrane systems [83]. Standardizing
monitoring methods is important for the development
of consistent protocols for sampling, identification,
and guantification which are essential for reliable
comparison across studies. Moreover, evaluating the
cost-efficiency and energy use of high-performance
technologies like MBR and RO is essential. Finally, it is
crucial to focus on managing sludge and associated
environmentalrisks, partficularly concerning the fate of
MPs retained in sludge that could be released back
info the environment through land application or
disposal.

3.8 Interaction of MPs with other contaminants

MPs act as carriers for contamination by adsorbing
pollutants or releasing plasticizers  from  the
manufacturing process [84][85][86]. The toxic effects
of MPs are linked to their ability to adsorb
contaminants [87][88] pathogens [89][90], heavy
metals [?1][92], polychlorinated biphenyls [93] and
anfibiotics  [94][95]. Table 6 shows the factors
Influencing the interaction of MPs with other
contaminants.

Factor Description Impact on | References
Interaction
Surface High surface Increased [84,96,97]
area & area and contamina
crystallinity crystalline nt sorption
regions
enhance
adsorption
Hydrophobi MPs’ Strong [98,99]
-city & hydrophobic attraction
lipophilicity nature to
facilitates hydrophobi
adsorption of c pollutants
organic
pollutants
Dissolved Competes or Alters [100]
Organic modifies MP adsorption
Matter surfaces capacity
MP shape Fibers, Affects [101]
fragments, adsorption
spheres vary in efficiency
surface
properties
Salinity and Environmental Influences [102]
pH conditions alter | contamina
chemical nt binding
states

There are several knowledge gaps that need to be
addressed  through future research. A deeper
understanding is needed to clarify the
physicochemical processes that govern how MPs
interact with various contaminants. This includes
exploring adsorption kinetics, competitive binding,
and  desorption behaviour under  different
environmental conditions. Moreover, current studies
predominantly focus on short-term toxic effects, while
the long-term effects of MPs as vectors are poorly
explored. Thorough ecofoxicological studies are
essenfial to examine bioaccumulation, trophic
fransfer, and potential toxic effects over time.
Furthermore, the influence of environmental variability
such as temperature, salinity, pH, and dissolved
organic matter on the interaction of MPs with
contaminants remains underexplored. Additionally,
addressing the effect of seasonal and geographic
changes would enhance the accuracy of
environmental risk assessments.

3.9 Detection methods of MPs in water

Standard analysis method is required to accurately
detect the MPs in water and to assess their risks [103].
Accuracy in identification of MPs is limited due to the
complex structure and composition of MPs [104]. The
primary techniques employed for MP detection in
water are microscopy, spectroscopic, and thermal
analysis methods [105]. Stereo microscopy methods
are widely used in the detection of MPs greater than
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100 pum [106], [107]. Scanning Electron Microscopy
(SEM) produces clear, highly magnified images [108].
This analysis is limited to morphological structure and
surface characteristics, requiring validation through
FTIR and Raman spectroscopy [109], However, FTIR
stfruggles to identify MPs smaller than 20um [110].
Raman spectroscopy provides detailed chemical
insights [111], [112], but is limited by inferference from
laser excitation of fluorescent samples [113]. Thermal
analysis, including Pyrolysis-GC-MS, is a destructive
method [114], [115] and may not distinguish whether
detected molecules originate from MPs or afttached
contaminants [116]. Table 7 shows the summary of the
advantages and limitafions of these detfection
methods.

Table 7 Summary of the advantages, and limitations of the
MP detection methods

Method Advantages Limitations
Stereo Detects MPs larger Limited to larger
Microscopy than 100pum, MPs, possible

simple and widely misidentification

used method.

SEM high-resolution Requires
morphological confirmation with
analysis of MP chemical analysis,

surfaces costly equipment
FTIR Identifies chemical Limited detection
Spectroscopy structure non- below 20um,
destructively potential overlap in
spectra
Raman Detects chemical Fluorescence

interference from
some samples,

Spectroscopy | structure, including
smaller MPs, with

high specificity complex data
interpretation
Thermal Sensitive method Destructive, may not
Analysis for identifying distinguish MPs from
(Pyrolysis-GC- polymer types contaminants
MS) through
decomposition

Future research should prioritize enhancing the
sensitivity and resolution of spectroscopic methods like
FTIR and Raman spectroscopy to accurately identify
and quantify smaller MPs. Improvements in
microscopy, including the use of Transmission Electron
Microscopy (TEM), could provide more detailed
images of MPs and their surface characteristics.
Infegrating multiple analytical techniques can
overcome the individual limitations of each method,
thereby improving the detfection accuracy.
Additionally, developing chemical labeling
approaches such as fluorescent dyes or molecular
markers could enhance the visualization and tracking
of MPs within environmental matrices, thus enabling
more effective monitoring.

4.0 CONCLUSION

A total number 205 research publications were
analysed in this study based on the main keywords

such as “microplastics” and "WWTP" and “effluent”. It
can be seen that the scholars did not show great
interest in MPs in WWTPs before 2015. Even though the
tferm “microplastics” was intfroduced in 2004 by
Thompson et al. [117] to describe small plastic
particles in marine environments, studies related to
MPs in WWTPs only began to get published from 2015
onwards. However, 84.4% of the arficles were
published between 2020 and 2024, highlighting a
rapid development in the field. China leads in the
number of publications, while the United States leads
in total citations. Finland was the first country to publish
an article in 2015. At present, 52 countries have
contributed fo this research area. There were around
180 research articles, and 25 review articles included
in this study. The journal titled Science of the Total
Environment has published the highest number of
articles, with 30.2% of the total publications. However,
the journal Water Research, with 7303 citations, has
surpassed Science of the Total Environment, which has
3788 citations, making it the leading journal in terms of
total citations. It can be seen that this research field is
dominated by Environmental Science (56.2%),
indicating it as a prioritized research area.

The hot spots in the research area were identified
through keyword clustering analysis [118]. The four
main clusters explain the key research areas in this
field. A total of 147 keywords out of 2886 were
selected for the analysis. The most frequently occurred
keywords were wastewater freatment, microplastics,
microplastic, effluent, and article, which occurred
194,186,184,171 and 159 times, respectively. The
bibliometric analysis results show that this study
provides a thorough examination of the occurrence
of MPs in WWTPs. This comprehensive analysis is crucial
for enhancing our understanding of the fate and
behaviour of MP in WWTPs and their effluent. The
findings of this study also support the development of
effective management strategies for this significant
issue. Bibliomeftric analysis is widely used to evaluate
research productivity and guide funding and policy
decisions. However, its limitation lies in the continuous
updates of the Scopus database, which may exclude
newly added publications from a specific dataset.
This issue can be mitigated by clearly defining the
study period and incorporating a large number of
publications. Despite this limitation, bibliometric
analysis remains valuable for establishing a
knowledge framework for policymakers and
researchers to address MP pollution from WWTPs.
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