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1. Introduction

Environmental pollution caused by microplastics (MPs) has evolved into a global
concern; however, the knowledge about MP accumulation in the environment, potential
impacts, and monitoring approaches is limited. MPs, defined as plastic particles smaller
than 5 mm, have emerged as pervasive pollutants infiltrating ecosystems, food chains,
and even human bodies according to several reports. MPs are now recognized as a major
environmental challenge due to their microscopic size, with far-reaching consequences.
This editorial summarizes the current knowledge on MP accumulation, impacts, and
monitoring approaches.

MPs are plastic particles less than 5 mm in diameter coming from commercial products
such as cosmetics and microfibers in textiles and the degradation of larger plastic waste in
the environment. They have been recognized as a major environmental and human health
hazard. This is because MPs take a long time to decompose, they are widespread, and they
find their way into the food chain through consumption by marine animals. Also, they will
continue to be released into the environment since plastic usage is widespread. Plastics
are amazing products with infinite applications, such as food packaging, the aviation and
automotive industry, pharmaceuticals, medicine, telecommunication, apparel industry,
etc. Nafea et al. [1] pointed out that global plastic production has doubled since 2000,
reaching 460 million tonnes in 2019, and at the same time, plastic waste generation reached
353 million tonnes. Regrettably, only 9% of all plastics produced are recycled, with 68%
ending up in landfills or being incinerated and 22% being mismanaged and entering the
natural environment [2]. Chlorinated plastics and MPs can release harmful chemicals
into the soil, which can then seep into groundwater or other water sources. Landfill
areas are constantly piled high with many different types of plastics, and there are many
microorganisms which speed up their biodegradation, releasing methane.

Due to the highly complex nature of plastic pollution, encompassing a wide range of
polymers, various products and packaging, diverse societal uses, and numerous pathways
into different environmental compartments [3], monitoring approaches are equally chal-
lenging. Each sector of plastic usage in society must implement customized solutions to
address the specific polymers, products, and packaging it utilizes, as well as their potential
release into the environmental media.

Toxics 2025, 13, 192 https://doi.org/10.3390/toxics13030192
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At the same time, plastic pollution is a defining characteristic of modern society, and
its ubiquity has been noted by scientists from every continent. Researchers have found
plastic particles in the deep sea [4], rainwater [5], on top of mount Everest [6], and even
in human placenta [7], blood [8], drinking water [9], plankton [10], coral reef [11], and sea
mammals and birds [12]. Despite the increased attention given to plastic pollution in the
last decade, evidence suggests that the problem is worsening [13].

To combat plastic pollution, countries have begun regulating the production, consump-
tion, and distribution of plastics. The European Commission (EC) is actively implementing
initiatives from the European Green Deal and the newly introduced Circular Economy
Action Plan. Several directives, including the Packaging and Packaging Waste Directive
and the Waste Framework Directive, and the ban on single-use plastics, are being enforced
to tackle this problem. The issue of plastic pollution, and therefore MPs, is not strictly
economic or environmental pollution, but it can be said to reflect environmental justice [13].
Innovative strategies are essential, requiring a comprehensive understanding of plastic
pollution, especially its root causes and the role of global sustainability agendas in address-
ing the issue. A strategic approach to mitigate pollution (including plastic pollution) was
proposed by Zorpas [14]. In general, plastic pollution can be reduced by adopting several
R strategies [15]. These methods reflect circular economy principles, SDGs, and the new
circular economy framework standard ISO 59000 series [15].

There are several technologies for the plastic clean-up of seas, lakes, rivers, oceans, and
shores, but they are insufficient in addressing the vast extent of microplastic pollution [1].
Moreover, to the best of the authors’ knowledge, there are no technologies for the removal of
MPs from agricultural lands or forests. Hence, effective plastic waste management, policies,
and legislation play a crucial role in reducing environmental plastic and microplastic
pollution. Regulations can encourage research, innovation, and adoption of sustainable
practices leading to a more circular resource-efficient approach to plastic and microplastic
management [16]. For example, the European policy “Strategy for Plastics in a Circular
Economy” aims to establish a new circular economy for plastics across the continent,
promoting the reuse, repair, and recycling of plastics and plastic products while striving to
reduce the introduction of microplastic products. In general, proper waste management
practice can mitigate the negative impacts of plastic pollution on the environment.

2. Research Topic Overview

The Research Topic titled “Microplastics Pollution” contains 26 articles that have
been published by the following five participating MDPI journals: International Journal
of Environmental Research and Public Health, Microplastics, Sustainability, Toxics, and Water.
These articles are presented below:

“Enhancing Pb Adsorption on Crushed Microplastics: Insights into the Environmental
Remediation”, by Sen Li, Lu Cao, Qiyuan Liu, Shuting Sui, Jiayin Bian, Xizeng Zhao,
Yun Gao. This study investigates the pollution characteristics and environmental risks of
crushed microplastics (MPs) generated during plastic recycling, emphasizing their adsorp-
tion capacity for heavy metals, particularly lead (Pb), by employing a variety of advanced
analytical techniques, such as that of SEM-EDS, revealing that crushed MPs exhibit sig-
nificantly higher adsorption capacity than primary MPs. Nevertheless, the presence of
adsorbed Pb slightly reduced recovery performance, emphasizing the need to optimize
recovery conditions for maximum efficiency. Therefore, the study demonstrated the dual
threat posed by crushed MPs: their capacity to both adsorb and concentrate harmful
substances, and thus, the increase in ecological toxicity and challenge to their recovery.

“Evaluation of Microplastic Toxicity in Drinking Water Using Different Test Systems”,
by Natalya S. Salikova, Anna V. Lovinskaya, Saule Zh. Kolumbayeva, Ainash U. Bekte-

2
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missova, Saltanat E. Urazbayeva, María-Elena Rodrigo-Clavero, Javier Rodrigo-Ilarri. This
study investigated the toxicological and genotoxic effects of various microplastic types
(polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), and polyethylene
(PE)) on plant and animal models. The findings of this study underscored the need to
mitigate risks associated with microplastic pollution, particularly in drinking water sources.
Future research works could closely approach the long-term health impacts of microplastic
exposure, including carcinogenic potential coupling with the exploration of the synergistic
effects of other pollutants.

“Microplastic Transport and Accumulation in Rural Waterbodies: Insights from a
Small Catchment in East China”, by Tom Lotz, Wenjun Chen, Shoubao Su. This study
investigates the distribution and sources of MP in drainage ditches influenced by pond
connectivity, land use, and soil properties. Interestingly, site-specific MP sources have been
determined, with fluororubber (FR) linked to road runoff and polyethylene terephthalate
(PET) being suitable for agricultural practices. Correlations between MP shape and soil
properties proved that more compact and filled shapes were more commonly associated
with coarser soils. In this context, PE particle size was negatively correlated with organic
matter. The most general applicability issues of this study refer to the need for targeted
strategies in order to reduce MP pollution in rural landscapes, including reduction in plastic
use, ditch maintenance, and improved road runoff management.

“Sustainable Wastewater Treatment Strategies in Effective Abatement of Emerging
Pollutants”, by Hafiz Waqas Ahmad, Hafiza Aiman Bibi, Murugesan Chandrasekaran,
Sajjad Ahmad, Grigorios L. Kyriakopoulos. This study underscores how the fundamental
existence of any living organism requires the availability of pure and safe water. In this con-
text, this study is a review analysis on MPs, considering the ever-increasing population that
has led to extensive industrialization and urbanization, which have subsequently escalated
micropollutants and water contamination, as well as the MPs’ environmental impact on
various life forms. Environmentally friendly, cost-effective, and sustainable strategies are
envisaged for efficient environmental protection. The review study also proposed a novel
strategy that combines nanomaterials to improve micropollutant degradation with bioreme-
diation techniques, particularly the creative application of phytoremediation technologies
like floating wetlands. The critical domains of water pollution abatement included float-
ing wetland treatments, facilitating micropollutant elimination, landscape management,
ecosystem conservation, and aesthetic enhancement in diverse environments. The novelty
of this research focus includes the incorporation of nanomaterials in the bioremediation of
toxic micropollutants, augmenting novel and innovative strategies.

“Retention, Degradation, and Runoff of Plastic-Coated Fertilizer Capsules in Paddy
Fields in Fukushima and Miyagi Prefectures, Japan: Consistency of Capsule Degradation
Behavior and Variations in Carbon Weight and Stable Carbon Isotope Abundance”, by
Shigeki Harada, Itsuki Yajima, Keitaro Fukushima, Youji Nitta. In this study, paddy
field runoff containing plastic capsules that are used to coat fertilizers has been receiving
increased attention. However, the behavior of these capsules, especially their degradation
behavior, has not been extensively investigated, which was the research focus of this study.
The behaviors of the capsules in both types of runoff were monitored in 2022 and 2023 at
four paddy fields in Fukushima and Miyagi prefectures in northern Japan. Weight loss of
the plastic capsules could be attributed to a combination of capsule degradation and the
release of urea inside the capsules, which was explained by carbon isotopic analyses. The
following types of degraded capsules were identified: shrunken, broken, and spherical,
making it statistically significant to signify the differences among the weights of each type.

“Sorption-Based Removal Techniques for Microplastic Contamination of Tap Water”,
by Natalya S. Salikova, Almagul R. Kerimkulova, Javier Rodrigo-Ilarri, Kulyash K. Alimova,
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María-Elena Rodrigo-Clavero, Gulzhanat A. Kapbassova. This study investigates the
presence of MPs in tap drinking water and evaluates the efficacy of various sorbents for
their removal in the context of Kazakhstan’s water treatment system. Water samples were
taken in the cities of Kokshetau and Krasny Yar (Akmola Region). The research objective
of this study was the sorption efficiency of different sorbents, indicating especially high
retention rates (ranging from 82.7 to 97.8%) for microplastic particles of different shapes and
synthesis. Indeed, sorbents synthesized by carbon sorption material (CSM) demonstrated
the highest efficiency in both microplastic retention and improvement in water quality
parameters, making it a promising technology especially suitable for water treatment
facilities and household filters.

“Spatial and Temporal Distribution Characteristics and Potential Sources of Microplas-
tic Pollution in China’s Freshwater Environments” by Hualong He, Sulin Cai, Siyuan Chen,
Qiang Li, Pengwei Wan, Rumeng Ye, Xiaoyi Zeng, Bei Yao, Yanli Ji, Tingting Cao, Yunchao
Luo, Han Jiang, Run Liu, Qi Chen, You Fang, Lu Pang, Yunru Chen, Weihua He, Yueting
Pan, Gaozhong Pu. This study investigated the characteristics of microplastic pollution in
the freshwater environments of 21 major cities across China. Through indoor and outdoor
experimental analysis, their spatial and temporal distribution characteristics were identi-
fied. Authors observed that the abundance of MPs in China’s freshwater environments
was generally increased from west to east and from south to north, while other factors of
positive correlation were that of (a) areas of intense human activity, including agricultural,
transport, and urban land, (b) seasonal changes peaking in summer, followed by spring
and autumn, and (c) rainfall variations.

“Microplastics in Groundwater: Pathways, Occurrence, and Monitoring Challenges”,
by Elvira Colmenarejo Calero, Manca Kovač Viršek, Nina Mali. In this study, MPs are con-
sidered a fast-emerging pollutant, whose presence in the water cycle and interaction with
ecological processes pose a significant environmental threat to surface and groundwater,
which represent the primary sources of drinking water. Monitoring MPs in groundwater
(GW) is determined primarily by the contamination pathways of MPs from surface wa-
ter, seawater, and soil into the GW. Such an analysis identified the challenges associated
with their monitoring in GW, among which (challenges) are that of applying standard-
ized techniques for MP sampling and detection, by better understanding the specific
hydrogeological and hydrogeographic conditions in the process of sample collection using
sampling devices with comparable specifications and comparable laboratory techniques
for MPs’ identification.

“Monitoring of Microplastics in Water and Sediment Samples of Lakes and Rivers of
the Akmola Region (Kazakhstan)”, by Natalya S. Salikova, Javier Rodrigo-Ilarri, Lyudmila
A. Makeyeva, María-Elena Rodrigo-Clavero, Zhulduz O. Tleuova, Anar D. Makhmutova.
This study provides a detailed description of the findings and methodology related to
the monitoring of MPs in three lakes and one river of the Akmola Region in Kazakhstan.
The research variables were the concentration of microplastic particles and the connection
between microplastic content and turbidity, particularly notable during the spring season.
Sediment analysis revealed a decrease in microplastic concentrations from the coastal
zones. In addition, the spatial and temporal distribution of MPs necessitated the ongoing
monitoring and management strategies to address emerging environmental concerns.

“Comparison of Methodologies for Microplastic Isolation through Multicriteria Anal-
ysis (AHP)”, by Valentina Phinikettou, Iliana Papamichael, Irene Voukkali, Antonis A.
Zorpas. This study developed an inexpensive, rapid method with user-friendly and envi-
ronmentally sustainable outcomes, considering the limited knowledge that exists about
MPs in soils due to the absence of standardized extraction methods. In better understanding
the mitigation of MPs in soils, a comprehensive multicriteria analysis proved that saturated
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sodium chloride solution emerged as the optimal scenario for MP extraction in terms of
demonstrated economic feasibility, safety, and reliability, followed closely by the canola
oil scenario.

“Interaction between Microplastics and Pathogens in Subsurface System: What We
Know So Far”, by Hongyu Zhao, Xiaotao Hong, Juanfen Chai, Bo Wan, Kaichao Zhao,
Cuihong Han, Wenjing Zhang, Huan Huan. This study has focused on MPs that are
abundant in soil and the subsurface environment. Authors stated that MPs can co-transport
with pathogens or act as vectors for pathogens, potentially causing severe ecological harm.
The interaction of MPs with pathogens is environmentally important, especially when
focusing on interaction mechanisms and environmental factors and their co-transport. Such
environmental factors affecting their interaction include particle size, specific surface area,
shape and functional groups of MPs, the zeta potential and auxiliary metabolic genes of
pathogens, and hydrophobicity.

“Application and Efficacy of Management Interventions for the Control of Microplas-
tics in Freshwater Bodies: A Systematic Review”, by Suveshnee Munien, Puspa L. Adhikari,
Kimberly Reycraft, Traci J. Mays, Trishan Naidoo, MacKenzie Pruitt, Jacqueline Arena,
Sershen. This study is a review analysis that systematically represents one of the first
attempts to trace the evolution of research and compare the efficacy of the full suite of
management interventions developed to control (prevent or remove) MPs in freshwater
bodies, both man-made and natural. Among the key findings of this review paper are that
physical types (particularly membrane filtration) were most common. It is notable that
wastewater/sludge, stormwater, and in situ water/sediment categories exhibited removal
efficacies of more than 90% under laboratory conditions. It is also questionable whether scal-
ability and suitability could be achieved across different settings. Moreover, downstream
interventions lack sustainability without effective upstream interventions, and when in situ
methods are technically achievable, they may not be feasible in resource-limited settings.

“Release of Microplastics from Urban Wastewater Treatment Plants to Aquatic Ecosys-
tems in Acapulco, Mexico”, by Enrique J. Flores-Munguía, José Luis Rosas-Acevedo, Au-
relio Ramírez-Hernández, Alejandro Aparicio-Saguilan, Rosa M. Brito-Carmona, Juan
Violante-González. This study denotes that contamination of aquatic ecosystems by MPs
is mainly due to the release of high levels of microplastic particles from treated effluents
by wastewater treatment plants (WWTPs). The authors also point out the lack of policies
and regulations establishing criteria for the control and elimination of hazard pollutants
from aquatic ecosystems, such as that of Acapulco, Mexico, which is the research area of
their study. The MPs’ average daily emissions to the receiving bodies of the three selected
WWTPs ranged from 9.5 × 106 to 4.70 × 108 particles, while the annual emissions ranged
from 3.05 × 109 to 1.72 × 1011 particles. The generalized prospects are relevant to the
urgency of implementing regulatory policies to avoid the continuous emission of MPs in
the studied area and its WWTPs.

“Microplastic in the Snow on Sledding Hills in Green Areas of Krakow”, by Jarosław
Lasota, Wojciech Piaszczyk, Sylwester Tabor, Ewa Błońska. This study aims to determine the
amount of microplastic in the snow on sledding hills in green areas of Krakow, considering
the intensive use of these sledding hills in winter. After the snow melts, microplastics
are transferred to the soil surface, which can lead to changes in the properties of the soil.
Subsequently, due to their strong hydrophobicity, they will play an important role in the
transport of toxic compounds, e.g., polycyclic aromatic hydrocarbons (PAHs). The research
objective is to limit the use of plastic sleds and replace them with wooden sleds, which
will not be a source of pollution for urban green spaces used by residents regardless of
the season.
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“Influence of Microplastics on Morphological Manifestations of Experimental Acute
Colitis”, by Natalia Zolotova, Dzhuliia Dzhalilova, Ivan Tsvetkov, Olga Makarova. This
study demonstrates that microplastic pollution poses a threat to human health, and it
is highly possible that the increase in the incidence of inflammatory bowel disease is
associated with exposure to MPs. For this reason, authors investigated the effect of the
consumption of polystyrene microparticles with a diameter of 5 μm, focusing on the
acute colitis body episodes. Exposure of healthy mice to MPs resulted in an increase in
endocrine cell numbers, an increase in the content of highly sulfated mucins in goblet cells,
an increase in the number of cells in the lamina propria, and a decrease in the volume
fraction of macrophages. The extent to which microplastic consumption caused more
severe acute colitis can be characterized by a greater prevalence of ulcers and inflammation
and a decrease in the content of neutral mucins in goblet cells.

“Environmental Assessment of Microplastic Pollution Induced by Solid Waste Land-
fills in the Akmola Region (North Kazakhstan)”, by Natalya S. Salikova, Javier Rodrigo-
Ilarri, María-Elena Rodrigo-Clavero, Saltanat E. Urazbayeva, Aniza Zh. Askarova, Kuandyk
M. Magzhanov. This study presents the outcomes derived from an environmental assess-
ment of microplastic pollution resulting from solid waste landfills in the Akmola Region,
situated in North Kazakhstan. This research was conducted on MPs within this specific
region. The utilized methodologies were focused on the “soft” removal of organic sub-
stances through the use of oxidants which do not damage plastics and were tested using a
water-bath therapeutic treatment. Furthermore, an analysis of soil samples taken from the
landfills unveiled the ultimate retention of microplastic particles, attributed to leachate and
rainwater runoff.

“Spatial–Temporal Distribution and Ecological Risk Assessment of Microplastics in
the Shiwuli River”, by Lei Hong, Xiangwu Meng, Teng Bao, Bin Liu, Qun Wang, Jie Jin,
Ke Wu. This study aims to investigate the distribution of MPs within the Shiwuli River in
Hefei, a Chinese inland city. Water and sediment samples were collected during both flood
season (May to September) and non-flood season (October to April) at 10 representative
sites to assess the potential risk posed by MP pollution in the Shiwuli River to the quality of
drinking water sources in Chaohu Lake in Hefei. The analytical part of this study contained
an analysis of the main variables that determine the level of MP existence. Such variables
include tributaries that are also close to residential and industrial development, agricultural
areas, wetland ecological regions, and flood season or non-flood season. The research
findings provide valuable insights into management, pollution control, and integrated
management strategies pertaining to MPs in urban inland rivers (with a research focus
on Hefei).

“A Review of the Current State of Microplastic Pollution in South Asian Countries”,
by Lee Tin Sin, Vineshaa Balakrishnan, Soo-Tueen Bee, Soo-Ling Bee. This study is a review
analysis that discusses the development of microplastic pollution based on a selection of
South Asian countries consisting of Bangladesh, Iran, Philippines, Thailand, India, Indone-
sia, and Vietnam. The presence of MPs in food items, mainly tea bags, sugar, shrimp paste,
and salt packets, has been reported. Microplastic contamination includes the ingestion of
MPs by aquatic creatures in water environments. The impacts on terrestrial environments
relate to MPs sinking into the soil, leading to the alteration of the physicochemical parame-
ters of soil. Moreover, the impact on the atmospheric environment included the settling of
MPs on the external bodies of animals and humans.

“Assessing the Occurrence and Distribution of Microplastics in Surface Freshwater
and Wastewaters of Latvia and Lithuania”, by Reza Pashaei, Viktorija Sabaliauskaitė, Sergej
Suzdalev, Arūnas Balčiūnas, Ieva Putna-Nimane, Robert M. Rees, Reda Dzingelevičienė.
This study focuses on microplastic concentrations in surface water and wastewater collected
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from the cities of Daugavpils and Liepaja in Latvia, as well as Klaipeda and Siauliai in
Lithuania, which were measured in July and December 2021. In this study, a variety of
advanced analytical techniques contained the use of optical microscopy, and polymer
composition can be characterized using micro-Raman spectroscopy. Surface water and
wastewater samples showed that municipal and hospital wastewater from catchment areas
were the main reasons for the contamination of MPs in the surface water and wastewater
of Latvia and Lithuania. Reduction in pollution loads can be realistic by implementing
measures such as raising awareness, installing more high-tech wastewater treatment plants,
and reducing plastic use.

“Social Cognitive Theory and Reciprocal Relationship: A Guide to Single-Use Plastic
Education for Policymakers, Business Leaders and Consumers”, by Sarah Fischbach, Brielle
Yauney. This study concentrates on the social cognitive theory framework for sustainable
consumption. The authors employed a US-based survey in which the reciprocal relation-
ship among three factors—personal (green consumer values), environmental (bans and
rebate/reward programs), and behavioral (consumer decision-making related to single-
use plastic waste)—was examined. The key findings of this study are that those states
with bans or rebate/reward programs tend to have higher green consumer values, and
consumers in those states report less use of single-use plastic waste. Education level is a
determining factor that impacts green consumer values and plastic waste usage. A resource
guide was developed for decision makers to implement programs in five areas, including
Business Resources, Public Policy Resources, Non-Profit Resources, Education Resources,
and Personal Resources.

“High-Efficiency Microplastic Sampling Device Improved Using CFD Analysis”, by
Seonghyeon Ju, Jongchan Yi, Junho Lee, Jiyoon Kim, Chaehwi Lim, Jihoon Lee, Kyungtae
Kim, Yeojoon Yoon. In response to the fact that MPs are considered harmful to the human
body, studies on their samplings, pre-treatments, and environmental media analyses, such
as water, are continuously being conducted. However, there is an imperative need to
develop a standard sampling and pre-treatment method, particularly because MPs of a
few micrometers in size are easily affected by external contamination. For the evaluation
of the developed device, microplastic reference materials were produced and used, and
computational fluid dynamics (CFD) analysis was performed. This device has been applied
to the relatively large previously studied microplastics (100 μm), but it is also suited to MPs
of approximately 20 μm that are vulnerable to contamination. A recovery rate of 94.2%
was obtained using this device, and the particles were separated by filtration through a
three-stage cassette. Accuracy and reproducibility of results for microplastic contamination
in the environment are needed. This method is able to consistently obtain and manage MP
data, which are often difficult to compare using various existing methods.

“Occurrence Characterization and Contamination Risk Evaluation of Microplastics in
Hefei’s Urban Wastewater Treatment Plant”, by Xiangwu Meng, Teng Bao, Lei Hong, Ke
Wu. This study denotes that MPs are one of the primary nodes in their flow through the
environment, making it critical to examine and assess sewage treatment, occurrence, and
removal of MPs in a waste treatment plant (WWTP). The examined variables contain the
shape, size, and composition of MPs at various stages of the WWTP process in the south
of the city of Hefei, China, considering both the dry and the rainy weather conditions, as
well as the removal effectiveness of MPs in a three-stage process. The methodology and
findings of this study are case specific to the examined area. In particular, pollution indices
of MPs in row water and tail water were 2.40 and 2.46, respectively, which were heavily
contaminated, and 1.0 and 1.2, which were moderately polluted. MPs in dewatered sludge
had severely polluted indexes of 3.5 and 3.4, respectively. MP efflux or build-up in sludge
during and after the WWTP process presents an ecological contamination concern.
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“Experimental Investigation of Water-Retaining and Unsaturated Infiltration Char-
acteristics of Loess Soils Imbued with Microplastics”, by Jiahui Gu, Liang Chen, Yu Wan,
Yaozong Teng, Shufa Yan, Liang Hu. This study explores the effect of MPs on agricul-
tural soil permeability by simulating the rainfall irrigation process. For this reason, a
one-dimensional vertical soil column rainfall infiltration test device was used to study
the unsaturated infiltration characteristics of loss soil imbued with MPs under rainfall
conditions. MPs represent negative effects on rainfall infiltration and soil water retention,
so it is recommended to dispose of them.

“Assessment of Microplastics in Green Mussel (Perna viridis) and Surrounding Envi-
ronments around Sri Racha Bay, Thailand”, by Jitraporn Phaksopa, Roochira Sukhsangchan,
Rangsiwut Keawsang, Kittipod Tanapivattanakul, Bojara Asvakittimakul, Thon Thamrong-
nawasawat, Suchai Worachananant. This study analyses the characteristics of MPs in the
seawater, sediments, and green mussels (Perna viridis) around Sri Racha Bay, Thailand. In
the field of food management and practices this study signified that the excessive riverine
freshwater discharge is transported terrestrial plastic debris into the estuarine system, thus,
higher microplastic contamination in surface seawater and sediment was evidenced. The
presence of colorants in organisms revealed an anthropogenic origin through the use of a
wide array of applications.

“Adsorption Behavior of Nonylphenol on Polystyrene Microplastics and Their Cy-
totoxicity in Human CaCO2 Cells”, by Fangfang Ding, Qianqian Zhao, Luchen Wang,
Juan Ma, Lingmin Song, Danfei Huang. This study points out that -as two environmental
pollutants of great concern, polystyrene microplastics (PS-MPs) and nonylphenol (NP)
often coexist in the environment and cause combined pollution- authors carried out batch
adsorption experiments by varying parameters such as pH, the particle sizes of the PS-MPs,
the initial concentration of NP, and metal ion content. The NP adsorption process of the
PS-MPs was optimally matching to pseudo-second-order kinetic model and Langmuir
isotherm model, while the intraparticle diffusion and Bangham models were also involved
in determining the NP adsorption process.

“Investigating the Epigenetic Effects of Polystyrene Nanoplastic Exposure in Bluegill
(Lepomis macrochirus) Epithelial Cells Using Methylation Sensitive-AFLPs”, by Sheridan M
Wilkinson, Justine M Whitaker, Alexis M Janosik. This study has focused on MPs, defining
them as remnants of macroplastics that have broken down to fragments smaller than
5 mm, and nanoplastics, broken down even further to sizes < 1 μm, are pervasive in aquatic
ecosystems. The accumulation of plastic in the organ gut can result in various repercussions,
including cellular contamination and genomic modifications such as DNA methylation.
The study delves into such a largely uncharted territory, investigating the accumulation of
methylation due to nanoplastic exposure within the genome of cultured bluegill BF-2 cells
(Lepomis macrochirus) using methylation-sensitive AFLPs. It is also noteworthy that higher
21 dosages and exposure times to nanoplastics do not result in increased methylation
levels in congruence with the dosage and exposure time, but rather only the presence of
nanoplastics is enough to cause DNA methylation changes.

Based on the aforementioned framework of the 26 articles, and considering the per-
spective of opening up a scientific discussion, the top five most frequently reported terms
and phrases among the keywords of the total of these 26 articles of this Research Topic “Mi-
croplastics Pollution”, in descending order (in parentheses is the total times of appearance),
are as follows: “microplastics” (MPs) (19) > “sediment samples” (11) > “contamination” =
“degradation” = “wastewater treatment plants” (5). Based on this overview of keywords, it
is noteworthy that the main fields of MP investigation in the relevant literature are that of
agricultural soils (agriculture) followed by concerns in wastewater treatment technologies
and, at the same time, weak research focus on topics of food and health interest.
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3. Conclusions

Addressing existing data gaps and prioritizing research in challenging areas are crucial
for developing methods and processes that can mitigate the impact of microplastics (MPs)
on natural environments. MPs are commonly disposed of and transferred through water
channels and trophic transfers, posing risks to human and animal tissues, as well as
cultivated soils and natural water sources. Therefore, it is essential to explore ways to either
eliminate MPs or render them safe for further consumption and accumulation.

One of the most promising yet challenging areas of future research involves the
physical adherence of polymeric-based MPs to organic debris with similar fabrication and
texture. This process may stimulate the development of attractive forces and molecular
bonds, allowing MPs and organic matter to aggregate under natural outdoor conditions
without requiring additional energy or human intervention. By leveraging these natural
bonding mechanisms, the agglomerated materials could undergo physical degradation in
the environment under two key conditions:

(a) The agglomerating matter should be soluble in aqueous media, including seawater,
river water, underground water, runoff, rainfall, or through evapotranspiration cycles.

(b) The agglomerating matter should be dispersed in solution at relatively low concen-
trations to ensure interaction with natural components and promote degradation in
living organisms and environmental systems.

These conditions aim to regulate MP degradation within safe thresholds, such as the
lethal concentration 50% (LC50) for living organisms and the carrying capacity of environ-
mental contexts. Ensuring these safe disposal mechanisms would not only address MPs but
also other polymeric-fabricated and organic matter that coexist in natural environments.

This future research proposal is conceptualized based on published experimental
studies that examine the adsorption of organic-based pesticide molecules onto polymeric
absorbents at low concentrations. The adsorption process presents an advantageous, low-
energy-consuming mechanism for promoting the adherence of pesticide molecules without
excessive energy input. For a more refined fabrication design, researchers should consider
the physicochemical properties of hydrophobicity and hydrophilicity, as well as other
morphological parameters influencing agglomeration, including pH behavior in aqueous
solutions and fluctuations in ionic strength [17,18].

This research approach has the potential to enhance the protection of soil and water
sources by removing MPs through interactions with chemically affiliated substances, elimi-
nating the need for human intervention or additional energy consumption. Furthermore, it
may facilitate the biomagnification of MPs and associated chemicals from soil and aquifers
through trophic transfers [19–21]. Rather than focusing solely on MP recovery—which
could complicate treatment due to safety concerns in mechanical collection and large-scale
environmental storage—this research prioritizes natural compatibility and degradation via
bio-modular synergistic processes.

This approach aligns with the study by Jiahui Gu et al. (List of Contributions (24)),
which highlights the negative effects of MPs on rainfall infiltration and soil water retention,
further supporting the recommendation for their safe disposal in natural environments.
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9. Colmenarejo Calero, E.; Kovač Viršek, M.; Mali, N. Microplastics in Groundwater: Pathways,
Occurrence, and Monitoring Challenges. Water 2024, 16, 1228. https://doi.org/10.3390/w16091228.

10. Salikova, N.S.; Rodrigo-Ilarri, J.; Makeyeva, L.A.; Rodrigo-Clavero, M.-E.; Tleuova, Z.O.;
Makhmutova, A.D. Monitoring of Microplastics in Water and Sediment Samples of Lakes and
Rivers of the Akmola Region (Kazakhstan). Water 2024, 16, 1051. https://doi.org/10.3390/w1
6071051.

11. Phinikettou, V.; Papamichael, I.; Voukkali, I.; Zorpas, A.A. Comparison of Methodologies for
Microplastic Isolation through Multicriteria Analysis (AHP). Microplastics 2024, 3, 184–204.
https://doi.org/10.3390/microplastics3010011.

12. Zhao, H.; Hong, X.; Chai, J.; Wan, B.; Zhao, K.; Han, C.; Zhang, W.; Huan, H. Interaction
between Microplastics and Pathogens in Subsurface System: What We Know So Far. Water 2024,
16, 499. https://doi.org/10.3390/w16030499.

13. Munien, S.; Adhikari, P.L.; Reycraft, K.; Mays, T.J.; Naidoo, T.; Pruitt, M.; Arena, J.; Sershen.
Application and Efficacy of Management Interventions for the Control of Microplastics in Freshwater
Bodies: A Systematic Review. Water 2024, 16, 176. https://doi.org/10.3390/w16010176.

14. Flores-Munguía, E.J.; Rosas-Acevedo, J.L.; Ramírez-Hernández, A.; Aparicio-Saguilan, A.;
Brito-Carmona, R.M.; Violante-González, J. Release of Microplastics from Urban Wastewater
Treatment Plants to Aquatic Ecosystems in Acapulco, Mexico. Water 2023, 15, 3643. https:
//doi.org/10.3390/w15203643.
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Abstract: This study investigates the pollution characteristics and environmental risks of crushed mi-
croplastics (MPs) generated during plastic recycling, emphasizing their adsorption capacity for heavy
metals, particularly lead (Pb). SEM-EDS analysis revealed that crushed MPs exhibit significantly
higher adsorption capacity than primary MPs due to their larger surface area and more available
adsorption sites, including oxygen-containing functional groups. The adsorption behavior of MPs
was influenced by key factors such as MP size, MP quantity, pH, salinity, and biofilm formation.
Smaller MPs demonstrated higher adsorption efficiency, while elevated pH enhanced Pb adsorption.
Conversely, increased salinity reduced adsorption due to competition for adsorption sites. Increasing
MP concentrations improved Pb removal efficiency, but higher MP quantities led to a decrease in
maximum adsorption capacity, demonstrating a trade-off between removal efficiency and adsorption
capacity. Isothermal adsorption experiments revealed that Pb adsorption on MPs follows a multi-
layer mechanism, best characterized by the Freundlich model. The adsorption capacity increased
nonlinearly with Pb concentration and stabilized as surface sites became saturated. The formation
of biofilms on MPs further enhanced their adsorption capacity by providing additional functional
groups and facilitating multi-layer adsorption, increasing ecological risks. Adsorption kinetics were
best described by pseudo-second-order and intra-particle diffusion models, indicating chemical
adsorption and boundary layer diffusion as dominant mechanisms. Magnetic Fe3O4 nanoparticles
demonstrated a high recovery efficiency of 99.3% for MPs, highlighting their potential for environ-
mental remediation. However, the presence of adsorbed Pb slightly reduced recovery performance,
emphasizing the need to optimize recovery conditions for maximum efficiency. These findings
underscore the dual threat posed by crushed MPs: their capacity to adsorb and concentrate harmful
substances, increasing ecological toxicity, and the challenges associated with their recovery. This
research provides critical insights into mitigating MP pollution and developing effective recovery
strategies under realistic environmental conditions.

Keywords: crushed microplastics; Pb; adsorption capacity; ecological threat; environmental remediation

1. Introduction

Microplastics (MPs), plastic fragments smaller than 5 mm in diameter [1–3], have
been reported to be widely distributed across diverse ecosystems, including oceans, land,
freshwater, and even polar regions [4–7]. MPs are normally generated by the breaking
down of plastics under various environmental factors, such as ultraviolet radiation, ther-
mal degradation, biodegradation, and oxidative weathering. However, plastic recycling
processes are an overlooked way of MP generation but have been reported recently, and
research has shown that the plastic recycling industry and wastewater treatment plants
could be major sources of MP pollution entering the environment [8–10]. In the recycling
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industry, MPs are mainly generated during the mechanical crushing of plastic waste, and
they are subsequently released into the environment through washing processes [10]. Due
to their smaller sizes, larger surface areas, and higher stability, MPs are easily prone to
absorb persistent organic pollutants (POPs) and heavy metals, which exacerbates their
ecological toxicity and presents significant challenges to environmental health [11–14].
Studies have detected trace metals such as cadmium (Cd), chromium (Cr), copper (Cu),
and lead (Pb) in plastic particles collected from beaches on the island of Vis, Croatia [15].
Additionally, harmful metals, including Pb, have been detected in MP samples collected
from the Musi River [16]. So, MPs have the potential to passivate heavy metals in water.
Compared to other MPs in soils or oceans, crushed MPs are easier to collect. However, the
adsorption capacity of crushed MPs remains unclear and requires further research into its
various influencing factors, such as MP type, MP size, the number of MPs, pH, salinity, and
the presence of biofilms on MPs.

Furthermore, due to their large surface areas and strong hydrophobicity, MPs are
highly susceptible to microbial colonization in aquatic environments, leading to the forma-
tion of biofilms on their surfaces. These biofilms alter the physical and chemical properties
of the MPs, significantly affecting their ability to adsorb heavy metals. As the biofilm
matures, the concentration of heavy metals on the MPs increases [17,18]. This is because the
presence of biofilms enhances electrostatic interactions, coordination, complexation, and
surface precipitation between MPs and heavy metals [18]. During the adsorption process,
MPs may form complex pollutants that pose more severe threats to aquatic ecosystems
and are more likely to be ingested by aquatic organisms, introducing new ecological risks.
Therefore, investigating the effects of biofilm attachment on MPs’ adsorption of heavy
metals is of great environmental significance.

To address MP pollution, researchers have explored various physical, chemical, and
biological methods. In recent years, magnetic nanomaterials, especially Fe3O4 nanoparticles,
have emerged as a promising environmental remediation technology due to their excellent
adsorption performance and magnetic recovery capabilities [19]. Studies have shown
that magnetic Fe3O4 nanoparticles can effectively adsorb various types of MPs, such as
polyethylene (PE), polypropylene (PP), and polystyrene (PS), and can be rapidly separated
from water by applying a magnetic field [20]. By optimizing the density and contact time
of Fe3O4 nanoparticles, experiments have achieved over 80% removal efficiency, with high
recovery rates observed in environmental waters such as rivers and seawater [19]. This
magnetic separation-based MP recovery technology, while effective, faces challenges in
dealing with the diverse types, shapes, and sizes of MPs in the environment, which can
lead to variations in removal efficiency. Therefore, improving the production process of
magnetic nanomaterials and enhancing recovery efficiency, particularly under real-world
environmental conditions, remain pressing issues.

In this study, we systematically investigate the adsorption capacity of crushed MPs
for Pb under various environmental conditions, including MP type, MP size, the number
of MPs, pH, salinity, and the presence of biofilms on MPs. By analyzing both kinetic and
isothermal adsorption models, this work provides a comprehensive understanding of the
adsorption mechanisms and highlights the factors that exacerbate the toxicity of MPs and
their environmental impact. Additionally, this study addresses the effects of biofilm forma-
tion, a naturally occurring process in aquatic environments, on the adsorption properties
of MPs. Biofilm attachment significantly alters the physical and chemical characteristics
of MPs, enhancing their adsorption of heavy metals and thereby increasing ecological
risks. Furthermore, this study explores the application of magnetic Fe3O4 nanoparticles
specifically for the recovery of crushed MPs after adsorption. The recovery efficiency was
evaluated based on the amount of Fe3O4 nanoparticles added, the adsorption capacity
of MPs, and their interaction during the recovery process. This method demonstrates its
practicality by providing insights into optimizing Fe3O4 nanoparticle usage and improving
recovery efficiency under controlled experimental conditions. These findings highlight
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the potential of Fe3O4 nanoparticles as a practical solution for addressing MP pollution,
contributing to the development of sustainable remediation strategies.

2. Methods and Materials

2.1. Materials and Chemicals

The PVC MP particles used in the experiments included primary MP particles and
crushed MP particles. The primary PVC particles were purchased from Guangdong
Guangyuan Plastic Raw Material Co., Ltd. (Guangzhou, China) and the crushed PVC
particles were derived from PVC-U pipes produced by Ningbo Yongcai Plastic Co., Ltd.
(Ningbo, China); they were crushed into MPs with a diameter smaller than 5 mm, followed
by sieving using screens with diameters of 1 mm, 0.5 mm, and 0.2 mm. Before the experi-
ments, the MP particles underwent a pretreatment process, including washing with 95%
ethanol, 2% nitric acid, and deionized water (three times for each solution), followed by air
drying in a well-ventilated area. Reagents such as lead chloride (PbCl2), nitric acid (HNO3),
ethanol (CH3CH2OH), hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium chlo-
ride (NaCl), iron trichloride hexahydrate (FeCl3·6H2O), sodium acetate (CH3COONa),
L-Lysine (C6H14N2O2), and dopamine hydrochloride (C8H12ClNO2) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Characterization

In this study, the morphological changes of MPs were observed both before and
after the experiment, utilizing a scanning electron microscope (SEM, Sigma500, Zeiss,
Oberkochen, Germany). Furthermore, the element composition of the MPs after the
adsorption process was analyzed through energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments, Abingdon, Britain).

2.3. Adsorption Experiments

Before conducting the adsorption experiments, conducting preliminary experiments
using MPs (PVC, PP, PET, PE) obtained from a recycling process in a certain company
under the same experimental conditions; MP size of 0.5 mm, initial Pb concentration of
30 mg/L, and MPs concentration of 1 g/L. The aim was to determine the type of MPs to
be used in the subsequent experiments, and detailed results are provided in Table S1. The
research findings indicated that PVC exhibited the best adsorption efficiency for Pb, and
thus, PVC was predominantly used in the subsequent experiments.

The research goal is to explore the possibility of MPs carrying a significant amount of
heavy metal Pb in highly polluted environments. Considering the detected Pb concentra-
tions in North Africa (14.19 ± 7.5 mg/L) and in the Ganges river of Rishikesh–Allahabad
(ranging from 2.4 to 26.9 mg/L) [21,22], the Pb solution concentrations were set at 30 mg/L
for the majority of the experiments.

To investigate the influence of various factors on the adsorption performance of Pb
onto crushed PVC MPs, multiple experimental conditions were designed, including MP
type, MP size, pH, salinity, the number of MPs, and the presence of biofilms on MPs. The
specific experimental procedures are described as follows. A predetermined amount of MPs
was weighed and placed into 300 mL glass conical flasks containing 250 mL of Pb solution.
The flasks were then placed on a shaker operating at 120 rpm and kept at room temperature.
Sampling intervals were set at 4, 8, 16, 24, 48, 96, 144, 192, 240, 288, and 336 h. At each
sampling point, 10 mL of the solution was extracted using a pipette, filtered through a
0.45 μm membrane to separate the MPs from the solution, and subsequently analyzed to
determine the Pb concentration in the filtrate. A UV–visible spectrophotometer (UV2365,
Unico, Shanghai, China) was used for Pb concentration analysis. The adsorption capacity
of MPs was calculated based on the change in Pb concentration over time. To ensure
reproducibility, three parallel samples were prepared for each experimental condition. The
average of the three parallel results was used as the experimental data. Prior to use, all
glass conical flasks were soaked in 2% HNO3 for two hours and rinsed thoroughly with
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Milli-Q water to eliminate potential contamination. Detailed experimental setups for each
factor are summarized in Table 1. For each factor, the experimental procedures followed
the same general protocol as described above.

Table 1. Table of experimental conditions and settings.

Experimental
Influencing Factors

MP Type MP Size Initial Pb
Concentration

The Number
of MPs

pH Salinity

MP type Primary PVC MPs and
crushed PVC MPs 0.5 mm 30 mg/L 1 g/L 7 0

MP size Crushed PVC MPs 1, 0.5 and 0.2 mm 30 mg/L 1 g/L 7 0

Number of MPs Crushed PVC MPs 0.2 mm 30 mg/L 0.1, 0.5, 1, 1.5
and 2 g/L 7 0

pH Crushed PVC MPs 0.2 mm 30 mg/L 0.3 g/L 4, 5, 6, 7 and
8 0

Salinity Crushed PVC MPs 0.2 mm 30 mg/L 0.3 g/L 7 0, 1% and
3.5%

Presence of biofilms on
MPs

Biofilm-coated and
non-coated MPs 1, 0.5 and 0.2 mm 30 mg/L 1 g/L 7 0

To further understand the adsorption behavior of Pb in crushed PVC MPs, adsorption
kinetics and isothermal adsorption experiments were conducted. For the adsorption kinet-
ics experiments, the initial Pb concentration was set as the variable, with concentrations of
10, 30, and 50 mg/L. A constant MP concentration of 1 g/L and a particle size of 0.2 mm
were used. The experimental setup and sampling intervals followed the same protocol as
described above. The adsorption kinetics were analyzed by fitting the experimental data to
pseudo-first-order and pseudo-second-order kinetic models to determine the adsorption
rate and underlying mechanisms. For the isothermal adsorption experiments, MPs with
a particle size of 0.2 mm were used at concentrations of 0.1, 0.2, and 0.3 g/L, while the
initial Pb concentrations ranged from 30 to 55 mg/L (30, 35, 40, 45, 50, and 55 mg/L). The
experiments were carried out under the same shaking conditions (120 rpm) and room
temperature. The samples were allowed to reach equilibrium after 192 h, after which the
equilibrium Pb concentrations in the solutions were measured. The adsorption isotherms
were evaluated using Langmuir and Freundlich models to determine the adsorption ca-
pacity, adsorption mechanisms, and the nature of the adsorption process. All adsorption
models and parameters are listed in Table S2.

This experiment utilized a UV–Vis spectrophotometer (UV2365, Unico, China) to
monitor the changes in the concentration of Pb solution before and after the experiment.
The method to detect Pb was the improved xylene orange spectrophotometric method,
described as follows: (1) Two drops of 0.1% thymol blue solution were added into a 5 mL
sample. The solution was then neutralized to a slightly red color with hydrochloric acid
and further neutralized to yellow with ammonium hydroxide. (2) Six drops of 1% ascorbic
acid, 1 mL of 0.1% potassium ferrocyanide, and 3 mL of acetic acid-sodium acetate buffer
solution (pH 5.1) were added to the solution, which was then diluted to 22 mL with water
and thoroughly mixed. (3) An amount of 1 mL of 0.5% ammonium fluoride solution and
1 mL of 0.2% xylene orange solution were added to the solution. The resulting solution
was further diluted to 25 mL and shaken for 10 min. (4) A portion of the solution was
transferred to a 3 cm colorimetric dish (or a 2 cm colorimetric dish for high concentrations)
with water as the reference liquid, and the absorbance was measured at a wavelength of
580 nm after subtracting the blank absorbance obtained from the control sample.

2.4. Approaches to Microplastic Recovery

To investigate the effectiveness of magnetic Fe3O4 nanoparticles in removing MPs,
the following steps were conducted for the synthesis of magnetic Fe3O4: The synthesis of
magnetic Fe3O4 nanoparticles: 3.40 g of FeCl3·6H2O and 6 g of CH3COONa were added to
100 mL of ethylene glycol. The mixture was stirred at 50 Hz for 90 min and then placed in
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an oven and heated to 190 ◦C for 10 h. The product was washed with ethanol five times
and dried in an oven at 65 ◦C for 3 h to obtain magnetic Fe3O4 nanoparticles [23].

Dopamine coating of magnetic particles: 100 mg of Fe3O4 and 2 mg of L-lysine
were added to 20 mL of a water/ethanol solution (1:1) and the mixture was sonicated for
thorough dispersion. The mixture was stirred at 100 Hz for 4 h, during which 5 mL of
dopamine hydrochloride solution was added. After stirring, the mixture was dried at 90 ◦C
in an oven for 3 h, followed by carbonization in a tube furnace at 700 ◦C for 3 h.

To ensure consistency with previous studies, the concentration of MPs was maintained
at 1 g/L using PVC particles with an average diameter of 0.2 mm. In the initial adsorption
experiments, PVC particles were placed in 40 mL of water, with three parallel samples
prepared for each group. After 3 days, magnetic Fe3O4 nanoparticles were added to the
solution containing the MPs for adsorption experiments. Upon the addition of the magnetic
Fe3O4 nanoparticles, the mixture was stirred at 100 Hz for 10 min to allow the Fe3O4 to
adsorb onto the MPs. The magnetized MPs were then removed using a magnet, separated,
and washed with pure water in a beaker. After filtration and drying, the removal efficiency
was calculated. The removal efficiency of MPs under different conditions was compared to
identify the factors influencing MP adsorption.

3. Results and Discussion

3.1. Adsorption Capacity Between Primary MPs and Crushed MPs

Scanning electron microscopy (SEM) images reveal distinct differences in the surface
morphology of MPs. As depicted in Figure 1a, the surface of primary MPs exhibits a
smooth and flat characteristic with only subtle depressions. In contrast, Figure 1b illustrates
the rough and multi-layered surface of crushed MPs, featuring prominent protrusions and
depressions. This morphology may provide additional adsorption sites for heavy metals,
leading to a significantly enhanced adsorption capacity of MPs for heavy metals [24,25].
Figure 1c highlights the presence of columnar structures absorbed on the surface of MPs,
consistent with the Pb ions confirmed in the EDS spectrum in Figure 1c. EDS scans of MPs
used in the heavy metal adsorption experiment clearly show a significant accumulation of
Pb ions on the surface in Figure 1b,c. Analysis of the EDS spectrum indicates the presence
of elements such as Ca (18.04%) on the surface of crushed MPs, potentially influencing the
adsorption capacity of MPs for Pb. This aligns with previous research findings [26].

Figure 1. (a) SEM image of primary MPs (magnification: 10.00KX); (b) SEM image and corresponding
elemental composition (EDS) bar chart of crushed MPs; (magnification: 10.00K X) (c) SEM image and
corresponding elemental composition (EDS) bar chart of Pb-adsorbed MPs (magnification: 10.00K X).

Figure 2 shows the comparison of the adsorption capacities between primary and
crushed MPs. It is worth noting that the adsorption performance of primary MPs is
relatively poor, with little change in Pb concentration, resulting in an adsorption capacity
of 0.169 mg/g. In contrast, for crushed MPs, a significant trend is observed. Over the
next 96 h, the Pb concentration reached an adsorption equilibrium state. As previously
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reported, primary MPs indeed exhibit limitations in the adsorption of heavy metals, with
a slow adsorption process and low adsorption capacity [27,28]. The significant disparity
in adsorption capacities among MPs of different morphologies suggests that untreated
primary MPs have a relatively lower adsorption capacity for heavy metals compared to
other types of MPs. This also implies that crushed MPs have a stronger adsorption capacity
for heavy metal substances in the environment, posing greater environmental toxicity.
The adsorption capacity of crushed PVC in the final experiment was 28.272 mg/g. The
crushing treatment significantly enhanced the MPs’ adsorption capacity for pollutants,
thereby increasing environmental risk.

Figure 2. The adsorption of Pb on primary MPs and crushed MPs with time.

3.1.1. Effect of MP Size on Adsorption

The impact of MP size on Pb adsorption was evaluated, as illustrated in Figure 3. In
the process of Pb adsorption in crushed MPs, the equilibrium was reached at approximately
48 h for MPs with diameters of 0.2 mm and 0.5 mm, whereas MPs with a diameter of 1 mm
required up to 192 h to achieve adsorption equilibrium. This delay in reaching adsorption
equilibrium for larger MPs is attributed to the saturation of adsorption sites as the adsorp-
tion progresses, limiting the interaction between MPs and Pb ions [29]. The adsorption
capacity of MPs for heavy metals is influenced by their specific surface area, which is
related to different particle sizes [30,31]. As evidenced by Figure 3, it is apparent that MPs
with diameters of 0.2 mm and 0.5 mm reach adsorption equilibrium faster than those with a
diameter of 1 mm, exhibiting higher adsorption capacities. This phenomenon is attributed
to the increased complexity of surface morphology as the MP size decreases, resulting in
smaller MPs having larger surface areas and more unoccupied adsorption sites [32,33]. This
finding is consistent with previous research results. For instance, Wang et al. [31] compared
three different-sized polyethylene MPs and found that smaller-sized MPs exhibited the
highest adsorption capacity for Cd. Similarly, Gao et al. [34] compared four different-sized
polypropylene MP particles and observed a decrease in the adsorption capacity of MPs for
Pb, copper, and cadmium with increasing particle size. This experimental study confirms
the high sensitivity of crushed MPs to Pb ions and their characteristic of rapidly reaching
adsorption saturation, thereby increasing their toxicity in a shorter duration.

Figure 3. Adsorption curves of crushed MPs with different particle sizes in Pb solution. Experimental
conditions: [adsorbents] = 1 g/L; [Pb] = 30 mg/L.
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3.1.2. Adsorption Kinetics

From Figure 4a, it can be observed that under the same number of MPs, the higher
the Pb concentration in the solution, the smaller the adsorption rate and the larger the
adsorption capacity. The adsorption process of MPs for Pb exhibits distinct stages. The
initial stage occurs from 0 to 24 h, demonstrating rapid adsorption, reaching 80.39% to
97.45% of the maximum adsorption capacity within the first 24 h. Subsequently, a slow
adsorption stage occurs from 24 to 48 h, during which 93% to 99.81% of the maximum
adsorption capacity is attained. After 48 h, the adsorption rate gradually approaches zero,
indicating the achievement of adsorption equilibrium. The maximum adsorption capacity
of MPs in this experiment is calculated to be 49.3 mg/g. When the initial concentration
of Pb is 10 mg/L, the Pb concentration in the solution decreases to 0. However, for initial
concentrations of 30 mg/L and 50 mg/L, the concentrations decrease to 0.1045 mg/L and
0.8943 mg/L, respectively. These results confirm the effective removal capacity of crushed
PVC for Pb ions from the solution. In a study by Liu et al. (2022) on Pb adsorption isotherms,
a significant positive correlation was observed between the increased concentration of Pb
and the adsorption capacity of MPs [26]. Therefore, varying the quantity of crushed PVC
MPs at different Pb concentrations may reduce the Pb concentration in the solution to 0.
Crushed MPs demonstrate significant potential for removing heavy metal pollutants from
water environments. The strong adsorption capacity can be utilized for environmental
applications, and over time, the adsorption of heavy metal pollutants by MPs increases,
enhancing their toxicity and causing irreversible harm to organisms [13].

Figure 4. Adsorption characteristics of crushed MPs in Pb solutions: adsorption curves (a), adsorption
kinetics (b), and intra-particle diffusion model (c). Experimental conditions: [adsorbents] = 1 g/L;
[MP size] = 0.2 mm.
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To gain a deeper understanding of the adsorption process of Pb, we explored pseudo-first-
order and pseudo-second-order kinetic models. The fitting results of the experimental data
are shown in Figure 4b, and the corresponding adsorption parameters are listed in Table S3.
The adsorption rate of MPs with initially high concentrations is significantly lower than those
at low concentrations, and the adsorption capacity is larger [35]. This may be attributed to the
increase in Pb concentration, leading to an elevated collision probability between particles [36].
By comparing the fitting results of the two kinetic models in Table S3, it can be inferred that
the pseudo-second-order kinetic model with correlation coefficients (R2 values ranging from
0.986 to 0.997) outperforms the pseudo-first-order kinetic model (values from 0.970 to 0.997).
This suggests that chemical adsorption may occur during the adsorption process, consistent
with previous research. The adsorption process of crushed PVC for Pb is evidently complex
and likely involves chemical adsorption mechanisms [26,37].

Further investigation of the mass transfer process of Pb adsorption was conducted
using the intra-particle diffusion model, as shown in Figure 4c, and the corresponding
adsorption parameters are listed in Table S4. The fitted line of the model does not pass
through the origin, indicating that internal diffusion is not the sole limiting step but is also
influenced by the surface water film on MPs [38]. The adsorption process is divided into
three stages, with the diffusion rates continually decreasing (kt1 > kt2 > kt3). This could be
attributed to the decreasing Pb solution concentration and the reduction in adsorption sites
over time [29]. Firstly, the first stage involves surface diffusion, where adsorption sites are
unoccupied, leading to a fast adsorption rate. In the second stage, internal pore diffusion
occurs where metal ions slowly diffuse into the particles. As adsorption sites decrease, the
adsorption rate begins to decline. The third stage involves micropore diffusion, reaching
adsorption equilibrium, and the adsorption rate returns to zero [35,39]. In this process, the
C value continually increases, indicating a growing boundary layer effect.

3.1.3. Adsorption Isotherms

To further investigate the adsorption behavior of Pb on MPs, an isothermal adsorption
experiment was conducted to complement the kinetic studies. Building on the findings
that the adsorption of Pb on MPs involves chemical adsorption and is influenced by initial
concentrations, the isothermal adsorption experiment aimed to explore the adsorption
capacity and its relationship with Pb concentrations under equilibrium conditions.

In this experiment, 0.2 mm MPs at concentrations of 0.1, 0.2, and 0.3 g/L were placed
in Pb solutions with initial concentrations ranging from 30 to 55 mg/L (30, 35, 40, 45, 50,
and 55 mg/L). The adsorption process was monitored over 192 h to ensure equilibrium,
and the maximum adsorption capacity was determined. The results revealed that the
maximum adsorption capacity of MPs increased with higher Pb concentrations, exhibiting
a nonlinear growth pattern. At lower Pb concentrations (30–40 mg/L), the adsorption rate
was highest, suggesting that abundant adsorption sites on the surface of MPs facilitated
efficient adsorption. However, as the Pb concentration increased, the adsorption sites on
the surface of MPs gradually became saturated, limiting further adsorption [26].

Figure 5 and Table S5 present the corresponding results and parameters. As shown in
Figure 5, the maximum adsorption capacity increased nonlinearly with Pb concentration,
eventually stabilizing as the surface adsorption sites became saturated at an MP concentra-
tion of 0.3 g/L. The data in Table S5 further indicate that the Freundlich model provides a
better fit for the adsorption behavior of Pb on MPs, with correlation coefficients (R2 values
ranging from 0.9604 to 0.9910) surpassing those of the Langmuir model (R2 values ranging
from 0.9412 to 0.9936). This suggests that the adsorption mechanism involves multi-layer
adsorption, as characterized by the Freundlich model. The value of 1/n being less than
0.500 indicates an uneven distribution of adsorption sites on the surface of MPs, which
was further confirmed through SEM. The SEM images revealed a heterogeneous surface
morphology of MPs, consistent with the observation of non-uniform surface multi-layer
adsorption [40]. These results align with the kinetic findings and highlight the complex
and heterogeneous nature of adsorption sites on MPs during the Pb adsorption process.
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Figure 5. Adsorption isotherm of heavy metal Pb solution on MPs. Experimental conditions: [adsor-
bent] = (0.1 g/L, 0.2 g/L, 0.3 g/L); [MP size] = 0.2 mm.

3.1.4. Effect of pH on Adsorption

The pH of the water body highly influences the surface charge of the adsorbent and the
metal ions. Figure 6a depicts the dependence of Pb adsorption on MPs within the pH range
of 4.0 to 8.0 under experimental conditions. The experiments were conducted with a Pb
solution concentration of 30 mg/L at room temperature, and samples were analyzed after
192 h to ensure equilibrium. In the deionized water system, as the solution pH increases,
the adsorption of Pb on MPs also increases. Initially, there is the competitive adsorption
of H+ ions, and as the pH reaches or exceeds 7, Pb ions in the solution mainly exist in
the forms of Pb2+, Pb(OH)+, and Pb(OH)2, with the precipitation observed in the solution
when adjusting the pH to 8.0, indicating the occurrence of precipitation. This phenomenon
is attributed to precipitation, enhanced electrostatic forces, and the reduced competitive
effect of H+ ions in the solution. Conversely, as the solution pH increases, the adsorption
capacity for anionic pollutants gradually decreases [41]. The highest adsorption at pH 8.0
was observed, consistent with similar findings reported by Liu et al. [26].

Figure 6. Effect of the pH (a) and salinity (b) on the adsorption of Pb on crushed PVC. Experimental
conditions: [adsorbents] = 0.3 g/L; [MP size] = 0.2 mm.
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3.1.5. Effect of Salinity on Adsorption

Using NaCl to simulate seawater, we investigated the impact of salinity on the ad-
sorption capacity of MPs for Pb. Given that the average salinity of the world’s oceans is
3.5%, with the Baltic Sea having the lowest at 1%, we selected 1% and 3.5% as contrasting
experimental conditions. As shown in Figure 6b, salinity significantly affects the ability
of MPs to adsorb Pb, with a decrease in Pb adsorption as salinity increases. This aligns
with our previous research findings [26,42]. Due to the negative charge present in MPs,
Na ions compete with Pb ions for adsorption. With the increasing concentration of Na
ions, limited adsorption sites on MPs lead to a reduction in the specific surface area for
Pb ion accumulation, hindering the adsorption of Pb by MPs. Therefore, the inhibitory
effect of seawater is limited, and crushed MPs with higher adsorption capacities still pose
considerable ecological toxicity [13].

3.1.6. Effect of MPs Quantity on Adsorption

To evaluate the effect of MP concentration on Pb adsorption, varying amounts of 0.2
mm-sized MPs (0.1 g/L, 0.5 g/L, 1 g/L, 1.5 g/L, and 2 g/L) were added to a 30 mg/L Pb
solution. The results demonstrate a clear trend of increased Pb adsorption capacity with
increasing MP concentrations (Figure 7). Notably, when the MP concentration was 0.1 g/L,
the Pb concentration only decreased by 29.7%. However, as the MP concentration increased
to 0.5 g/L, the Pb concentration dropped significantly by 97.1%, indicating a substantial
reduction in Pb in the solution. Further increasing the MP concentration to 1.5 g/L and
2 g/L resulted in the complete removal of Pb from the solution, with the Pb concentration
dropping to 0 mg/L. Across all experimental groups, a rapid initial adsorption process
was observed during the first 48 h. At the highest MP concentration of 2 g/L, Pb removal
efficiency reached 99% within this period. Additionally, for MP concentrations exceeding
1 g/L, the adsorption process approached equilibrium within 48 h. Interestingly, despite the
increased Pb removal efficiency with higher MP concentrations, the maximum adsorption
capacity of MPs decreased as the MP concentration increased. Specifically, the maximum
adsorption capacity decreased from 86.2 mg/g at 0.1 g/L to 15 mg/g at 2 g/L.

Figure 7. Adsorption curves of crushed MPs with different concentrations in Pb solution. Experimen-
tal conditions: [MP size] = 0.2 mm; [Pb] = 30 mg/L.

3.2. Effect of Surface Biofilm on Pb Adsorption by MPs

To assess the impact of biofilms on Pb adsorption, crushed MP samples of varying sizes
(0.2, 0.5, and 1 mm) were exposed to seawater for two weeks, allowing for natural biofilm
formation (Figure 8). Following biofilm development, both biofilm-coated and non-coated
MPs were subjected to adsorption experiments using a Pb solution with a concentration of
30 mg/L. The experimental conditions included an adsorbent concentration of 1 g/L, and
the adsorption was monitored for 48 h to track the equilibrium point.
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Figure 8. Biofilm formation on the surface of MPs (magnification: 350X).

As shown in Figure 9, biofilm-coated MPs exhibited a significantly higher Pb adsorp-
tion capacity compared to non-coated MPs, quickly reaching the adsorption equilibrium
within 48 h. The extracellular polymeric substances (EPS) within the biofilm matrix are
believed to play a crucial role in enhancing Pb adsorption by providing additional binding
sites [17]. Overall, biofilm-coated MPs demonstrated a markedly higher adsorption capac-
ity for Pb ions compared to their non-coated counterparts. This result aligns with previous
studies, suggesting that biofilm presence enhances pollutant adsorption by increasing the
available surface area and providing additional functional groups for metal binding. The
EPS in the biofilm, which include polysaccharides, proteins, and lipids, play a crucial role
in facilitating this enhanced adsorption [18].

Figure 9. Effect of biofilm-coated MPs and non-coated MPs on Pb adsorption in crushed PVC.
Experimental conditions: [adsorbent] = 1 g/L; [Pb] = 30 mg/L.

The results highlight the influence of biofilm formation in enhancing the adsorption
of heavy metals, such as Pb, onto MPs. The biofilm matrix acts as a secondary adsorbent,
contributing to the overall adsorption capacity of the MPs and accelerating the adsorption
speed of MPs for Pb. This finding suggests that in natural environments, where biofilms are
likely to form on MPs over time, the ecological risks posed by heavy metal-laden MPs could
be greater than previously anticipated. On the contrary, this characteristic of biofilm-coated
MPs can have a high potential to control Pb pollution by passivating it.

3.3. MP Recovery

Magnetic nanoparticles, particularly Fe3O4, have shown significant potential for the
recovery of MPs. However, it remains unclear whether this method is equally effective
for MPs with Pb on their surface. In this study, Fe3O4 nanoparticles were introduced
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into a system containing Pb-contaminated wastewater and crushed MPs to evaluate their
recovery efficiency.

3.3.1. The Effect of Different Masses of Fe3O4 on Microplastic Adsorption

To assess the feasibility of the recovery process, initial experiments were conducted
using deionized water and crushed MPs. A total of 40 mg of crushed MPs was added to
40 mL of deionized water, and three parallel samples were prepared. These samples were
shaken at 120 rpm in a large-capacity shaker for 3 days to ensure sufficient interaction.
Following this, varying amounts of Fe3O4 nanoparticles (20 mg, 30 mg, 40 mg, 50 mg, and
60 mg) were added to the samples for adsorption experiments, with the mixtures stirred
at 100 Hz for 10 min. The MPs were then recovered by applying a magnetic field, which
separated them from the solution.

As shown in Figure 10, the recovery efficiency of MPs increased with the mass of
Fe3O4 nanoparticles, ranging from 85.2% at 20 mg to 99.3% at 60 mg. These results clearly
demonstrate that increasing the amount of Fe3O4 nanoparticles significantly enhances re-
covery efficiency. The large surface area, surface modifications, and magnetic properties of
Fe3O4 facilitate efficient interaction with MPs, promoting their effective recovery. Moreover,
the magnetic properties of Fe3O4 enable easy and rapid separation of adsorbed MPs using
a magnet, further demonstrating the practicality of this approach in real-world applica-
tions. Compared to other recovery methods reported in the literature, Fe3O4 nanoparticles
provide highly competitive recovery efficiency. For example, studies on Fe3O4-based
MP removal have shown removal rates exceeding 80% under optimal conditions [19,20].
The combination of high adsorption efficiency and the simplicity of magnetic separation
underscores Fe3O4 nanoparticles as an effective and scalable solution for MP recovery.

Figure 10. The effect of Fe3O4 mass on the recovery efficiency of MPs.

The increase in recovery efficiency with a higher mass of Fe3O4 can be attributed to the
nanoparticles’ large surface area and superparamagnetic properties, which provide more
adsorption sites and enhance their contact with MPs. However, as seen in Figure 10, when
the mass of Fe3O4 is lower (e.g., 20 mg), the adsorption capacity is limited, resulting in a
significant decrease in the removal rate. This suggests that, in practical applications, the
amount of Fe3O4 should be optimized based on the concentration of MPs to maximize recov-
ery efficiency. Compared to membrane technologies, which also demonstrate high removal
efficiency, such as membrane bioreactors combined with activated sludge achieving up to
99.5% removal [43], Fe3O4-based recovery offers a simpler, more cost-effective alternative.

3.3.2. The Effect of Different Adsorption Capacities of MPs on Fe3O4 Adsorption

In the next stage of the experiments, Fe3O4 nanoparticles were tested in Pb-contaminated
wastewater to evaluate whether the adsorption of Pb by MPs would impact the efficiency
of Fe3O4 in recovering these MPs. In this setup, 40 mg of crushed MPs was added to
40 mL of Pb-contaminated solutions at three different concentrations of Pb (10, 30, and
50 mg/L), and UV–visible spectrophotometry confirmed that the Pb concentrations decreased
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significantly, nearing zero. The adsorption capacities of the MPs were calculated as 10, 30, and
50 mg/g, respectively.

Subsequently, 60 mg of Fe3O4 nanoparticles were introduced into each sample to assess
the recovery efficiency of Fe3O4 under varying adsorption capacities of MPs. Figure 11
shows the relationship between the removal rate of MPs and their adsorption capacity.
At low adsorption capacities (0 mg/g), the recovery rate of MPs remains high at 99.3%.
However, as the adsorption capacity of MPs increases, a gradual decline in the recovery
rate is observed, with the rate decreasing to 92.5% when the adsorption capacity reaches
50 mg/g. This decline in efficiency suggests that as more Pb ions are adsorbed in the MPs,
they begin to compete for the active adsorption sites on Fe3O4 nanoparticles, reducing
the ability of Fe3O4 to effectively adsorb the MPs. Additionally, the surface properties of
Pb-adsorbed MPs may change, weakening their interaction with Fe3O4 nanoparticles and
contributing to the reduced recovery rate.

Figure 11. The effect of adsorption capacity of MPs on their recovery efficiency by Fe3O4 nanoparticles
in Pb-contaminated wastewater.

These findings indicate that the adsorption of Pb onto MPs negatively affects the
interaction between Fe3O4 nanoparticles and MPs. This points to the need for optimiza-
tion in real-world applications, where MPs may carry significant loads of heavy metals.
Adjustments to Fe3O4 dosage and other recovery parameters may help counteract this
decline in efficiency and maintain high removal rates. For example, pre-screening water to
capture larger MPs before Fe3O4 adsorption could enhance the overall recovery efficiency
by reducing the burden on Fe3O4 in heavy metal-laden environments [44].

Overall, Fe3O4 nanoparticles remain a promising solution for scalable and cost-
effective MP removal. The combination of high recovery efficiency (over 85%) and the ease
of magnetic separation makes Fe3O4 an attractive alternative to more complex and expen-
sive technologies like membrane filtration. However, further research into the interaction
between heavy metal adsorption and MP recovery is essential to optimize this approach
across varying environmental conditions and contamination levels.

4. Conclusions

This study investigated the pollution characteristics of crushed PVC MPs, provid-
ing insights into their environmental and health risks when carrying harmful substances.
SEM-EDS analysis revealed that crushed MPs exhibit a significantly larger adsorption
capacity compared to primary MPs, attributed to their increased surface area and more
adsorption sites, including oxygen-containing functional groups. This study confirmed
the critical influence of MP size, MP quantity, pH, salinity, and biofilm formation on their
adsorption capacity. Smaller MPs demonstrated higher adsorption due to their larger
surface area, while elevated pH enhanced adsorption efficiency. Conversely, increased
salinity reduced adsorption, likely due to competition between ions for adsorption sites.
Increasing MP concentrations improved Pb removal efficiency but higher MP quantities led
to a decrease in maximum adsorption capacity, highlighting a trade-off between removal
efficiency and adsorption capacity. The formation of biofilms on MPs further increased

25



Water 2024, 16, 3541

their adsorption capacity, highlighting the potential for biofilm-coated MPs to act as vectors
for transporting harmful substances through aquatic ecosystems, exacerbating ecological
risks. Adsorption kinetics were best described by the pseudo-second-order and intra-
particle diffusion models, indicating chemical adsorption and boundary layer diffusion as
dominant processes. Isothermal adsorption followed a multi-layer mechanism, best charac-
terized by the Freundlich model, with SEM confirming heterogeneous surface morphology.
Additionally, Fe3O4 nanoparticles demonstrated a high recovery efficiency of 99.3% for
MPs, emphasizing their potential for environmental remediation, but they experienced
reduced performance when Pb was adsorbed. These findings provide critical evidence for
understanding how crushed MPs interact with environmental pollutants and contribute to
ecological risks. The results underscore the importance of addressing the pollution risks
associated with crushed MPs in aquatic environments, offering a theoretical foundation for
evaluating and mitigating their impact.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Adsorption isotherms parameters on crushed MPs in different background solutions.
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Abstract: Microplastic pollution poses a significant threat to environmental and human health. This
study investigated the toxicological and genotoxic effects of various microplastic types (polystyrene
(PS), polyethylene terephthalate (PET), polypropylene (PP), and polyethylene (PE)) on plant and
animal models. Aqueous extracts of microplastics in different size fractions (0.175 mm, 0.3 mm, 1 mm,
2 mm, and 3 mm) were evaluated for their impact on barley seed germination and cell division.
Results indicated that smaller microplastic fractions exhibited higher toxicity, particularly for PP and
PE. Significant reductions in germination rates and root growth were observed, along with increased
chromosomal aberrations in barley cells. Furthermore, the migration of formaldehyde, a known
toxicant, from microplastics exceeded permissible limits. These findings highlight the potential risks
associated with microplastic pollution, particularly in drinking water sources. Future research should
focus on the long-term health impacts of microplastic exposure, including carcinogenic potential, and
explore the synergistic effects with other pollutants. Stricter regulations on microplastic pollution
and advancements in water treatment technologies are urgently needed to mitigate these risks.

Keywords: microplastic; phytotoxicity; mutagenicity; toxicant migration; acute toxicity

1. Introduction

The widespread use of polymeric materials has introduced a novel source of environ-
mental pollution. Although polymeric materials are inherently inert, they can release unre-
acted and unincorporated toxic oligomers and monomers into the environment, thereby
imparting toxic properties [1,2]. Additives used to enhance the properties of polymer
products (such as plasticizers, modifiers, solvents, and other raw material components) are
also toxic and, in most cases, chemically unrelated to the plastic polymer. In such instances,
non-covalently bound chemical components may migrate from the polymer product into
the surrounding media [3,4]. While the migration of chemicals from plastics typically
occurs in small amounts, it can persist over extended periods [5]. The potential hazard
posed by microplastics to living organisms is exacerbated by their high sorption capacity
for environmental toxicants, attributed to their high surface area-to-volume ratio [6]. Con-
sequently, the risk of contamination of the soil, air, and water by toxic migration products
from polymer matrices may be significant.

The situation is exacerbated by the widespread distribution of degraded plastic par-
ticles (microplastics) in various environmental compartments, including surface waters,
soils, and atmospheric air [7–9]. A key source of microplastic introduction into the natural

Water 2024, 16, 3250. https://doi.org/10.3390/w16223250 https://www.mdpi.com/journal/water



Water 2024, 16, 3250

environment is landfills, where waste plastics, primarily under the influence of abiotic
factors, degrade into smaller fractions and subsequently migrate into the environment [10].

The literature indicates that microplastics can exert physical, chemical, and biolog-
ical effects on living organisms and their habitats. Previous studies demonstrated that
microplastics can influence plants by altering the physical structure of the soil, thereby
affecting the availability of water and nutrients [11]. Several researchers have reported that
microplastics are capable of adsorbing and transporting toxic substances, such as heavy
metals and organic pollutants, thereby amplifying their toxic effects on plants. Additionally,
microplastics may contain or release substances that disrupt physiological processes in
plants [12–16].

Published studies highlight the dangers of microplastics to aquatic organisms and
humans [17,18]. One of the primary mechanisms of exposure to microplastics is their
ingestion through the gastrointestinal tract of living organisms via contaminated food and
water, ultimately making their way up the food chain into the human body. Microplastics
have been detected in various foods, including non-alcoholic beverages, fish, vegetables,
fruits, packaged foods, and honey [19–21], as well as in drinking water (both bottled and tap
water) [22,23]. Additionally, scientists have provided approximate estimates of microplastic
intake in humans, based on their presence in different food and water sources [24].

The indirect negative impacts of microplastics are associated with their ability to
transport sorbed chemicals. Microplastics can contain a wide range of chemical additives,
such as bisphenol A (BPA), phthalates, and polybrominated diphenyl ethers, which are
used in plastic synthesis to enhance plasticity [25,26]. These additives can disrupt the
endocrine system and exert toxic effects on the human body when they migrate from the
polymer matrix [27]. Due to their small size, microplastics can easily be ingested by aquatic
organisms, enter the bloodstream, and accumulate in the gastrointestinal tract and other
organs, thereby transporting chemicals and inducing oxidative stress [28–30].

The available data on microplastics in food and drinking water are difficult to gen-
eralize due to the absence of standardized sampling and analysis protocols, as well as
inconsistencies in the qualitative and quantitative expression of results. The assessment
of microplastic toxicity is even more challenging; studies in this field are not only limited
but also vary in terms of plastic types, particle size, exposure doses, and test models. Nev-
ertheless, the outcomes of these studies consistently demonstrate various manifestations
of microplastic toxicity. For example, ref. [31] investigated the effects of single-dose oral
exposure to polyethylene terephthalate (PET) microplastics in adult male Wistar rats, re-
vealing tissue and organ damage and dysfunction. Similarly, hepatotoxicity was observed
following oral and nasal exposure to nano/microplastics of polylactic acid in experiments
on mice [24].

These findings underscore the urgent need for further research into the toxicity of
microplastics, particularly those in contact with food and water. Such research will support
the development of effective strategies for managing the production and use of plastic
products in everyday life, thereby mitigating the exposure pathways of toxic plastics to the
human body.

Although the number of experiments studying the toxicity of microplastics is con-
stantly growing, there are still insufficient data to assess the toxic effects on human health,
including the lack of epidemiological studies. Most studies conducted on animals and
human cells indicate the presence of oxidative stress, failure of the antioxidant defense
system against toxicity caused by microplastics, and induction of reproductive and de-
velopmental toxicity [32,33]. In separate experiments, genomic instability was observed
at low concentrations of PE microplastics, as revealed in an experiment on human blood
lymphocytes [34], as well as a negative impact of PS particles on immature cardiomyocytes
(in an experiment on newborn rats) [35], functional disorder of respiratory tract organelles
(on polyester particles) [36], and the disruption of the function of forebrain, liver, and
intestinal organelles, established on polystyrene particles [37]. Moreover, the toxic effects,
such as decreased cell viability, depended on the dose of exposure [38].
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Although microplastics are too large to penetrate the skin, they can cause skin irritancy
when in contact with creams, soil, children’s toys, etc. [39,40].

Additives in plastics are thought to be toxic, carcinogenic, and mutagenic, but due to
the impossibility of conducting human studies, the exact effects on the body have not yet
been studied [32].

A review of 133 articles [33] describes the presence of adverse effects of nano- and mi-
croplastics on human health, but 78.9% of the studies are devoted to the areas of PS and 12%
of the studies describe conflicting results. The presence of studies indicating the absence of
a toxic effect (under certain experimental conditions) [41] supports our proposal for the
need for additional toxicological studies under harmonized/standardized experimental
conditions. It is therefore hoped that this study, which covers four types of microplastics of
different sizes, the toxicity of which was studied simultaneously using different methods,
expands the existing knowledge about the potential toxicity of microplastics.

Determining the mechanisms of the toxic effects of microplastics on living organisms
is an important task, but at the same time is not fully understood. At present, it has
been established that microplastics can cause genetic damage through mechanical damage
to cells, chemical pollution, and interference with cellular processes [42]. Microplastics
can block the pores of seeds, including due to the presence of plasticizers [43], and thus
prevent water absorption [44]. In turn, a decrease in the swelling process leads to a
decrease in the rate of germination [45]. Microplastics can penetrate the root system of
plants, disrupting their normal functions [46]. The toxic effect of microplastics may also be
linked to their ability to cause DNA breaks in cell cultures [47,48] and influence dominant
pathways leading to the modulation of inflammation and cell proliferation [38]. The ability
of microplastics to carry toxic chemicals such as heavy metals and organic pollutants on
their surface exacerbates their toxic impact [49,50].

Our previous studies on microplastic monitoring have confirmed its presence in all
surveyed environmental samples, including natural waters and sediments, in the Akmola
region of Kazakhstan [51,52]. The existing water supply system in Kokshetau, as in Kaza-
khstan as a whole, is based on the predominant use of surface water as drinking water
(96.1%), while 94.7% of the population is provided with a centralized water supply [52].
The critical condition of water supply systems (built in the 1960s–1970s) and outdated water
treatment technologies (coarse filtration, filtration through sand filters, coagulation, and
flotation, settling, and disinfection) do not ensure effective water purification from insoluble
microimpurities [53]. In addition, the failure to comply with water treatment regimes in
the city of Kokshetau, the absence of coagulation and flotation workshops, and the small
number of sand filters and their low productivity lead to the presence of microplastics in
samples of tap water in the city of Kokshetau with a size of more than 300 μm in a concen-
tration of (2.0 × 10−2–6.0 × 10−2) particles/dm3 [52]. The weak regional environmental
policies regarding plastic waste management lead to the widespread presence of plastic
waste in unauthorized landfills on the coast of water bodies, which ultimately leads to the
entry of microplastics into natural and drinking waters [54]. Assuming a systemic intake of
microplastics into the body of the population of Kokshetau with drinking water, the toxic
properties of individual types of microplastics, mostly found in tap water in Kokshetau,
were studied [52]. Investigating the toxicity of the types of microplastics found in the tap
water of Kokshetau city, Akmola region (Kazakhstan) will facilitate predictions of the toxic
risks associated with drinking water.

Focusing on the assessment of toxicity not from the polymers themselves, but from
their constituent components that migrate, our study evaluated the toxicity of aqueous
extracts from polymer particles fragmented to microplastic size. Similarly, the Office
of Food Additive Safety (OFAS) of the U.S. FDA’s Center for Food Safety and Applied
Nutrition assesses food-contact substances by examining the toxicity of migrating toxicants
rather than the polymers themselves [55]. In the context of polymers, the OFAS investigates
oligomers and low molecular weight compounds capable of migrating into the contact
medium, as they are considered more biologically relevant. We propose that studying the
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toxicity of polymer material extracts serves as a reliable indicator of a plastic’s potential to
impart toxic properties to various liquids. A negative result in such studies may indicate
the harmlessness of the polymeric material under the specific experimental conditions
(such as exposure temperature, microplastic type, and particle size).

The investigation of microplastic aqueous extract toxicity brings us closer to under-
standing the safety of exposure to drinking water in contact with plastics, such as when
using plastic water pipes or plastic water storage tanks.

Recognizing the insufficiency and ambiguity of assessing the toxic properties of syn-
thetic materials through a single method, along with ethical considerations such as avoiding
human experiments and reducing animal testing, the aim of this study was to comprehen-
sively assess the toxicity of aqueous extracts from microplastics (PP, PE, PET, and PS) with
different degrees of dispersibility. This assessment was conducted using plant and animal
test organisms, frozen bull semen, and through an analysis of the migration of organic
substances into the aquatic environment.

The use of plant test objects (phytotoxicity assessment) provides a method to evaluate
toxicity without resorting to animal or human testing, and it also helps to assess the
potential impact of microplastic extracts on phytocenoses. Additionally, some studies
suggest that animal tests may not always exhibit high sensitivity to certain toxicants [56].
Since seed germination has a significant impact on plant yield, it is one of the most common
indicators for assessing the phytotoxicity of environmental pollutants [57,58].

Studies on the genotoxicity of microplastics are very limited, yet this assessment
is crucial, particularly in relation to drinking water that comes into contact with plastic
products. Toxic substances released into the environment disrupt natural cellular processes,
leading to structural modifications in DNA and chromosomal abnormalities [12,59–61].
We consider the detection of chromosomal damage in plant test objects to be an effective
method for studying the genotoxic activity of microplastics [62,63].

Animal studies (using rabbits in this study) were deemed necessary to investigate the
epicutaneous effects of water extracts from the studied microplastics. It is hypothesized
that toxic substances migrating from microplastics into water may have an irritant effect
on human skin during activities such as bathing. The use of rabbit skin in studies of skin
irritancy in rabbits has long been known, as they show good correlations between the
results obtained in rabbits and the results obtained in humans, including for non-irritating
or highly irritating substances [64,65]. Furthermore, the skin of rats and hamsters is not
sensitive enough to be useful in studies of the skin-irritating properties of toxicants [65]. The
in vivo rabbit skin irritation test is currently the primary method for testing skin irritation
and is the reference method against which non-animal alternatives are compared [66].

One effective method for assessing the acute toxicity of chemical substances is the
evaluation of changes in sperm motility using bovine semen. Many researchers consider
this method to be more sensitive than tests for hemolytic or toxic effects of plastic prod-
ucts [67]. The method is simple to perform, can be used for large-scale studies, and has high
reproducibility. These advantages make it suitable for use in the Kazakhstan system for
certifying plastic products, as well as for other Eurasian Economic Union (EurAsEU) coun-
tries [68–70]. Although studies on the toxicity of substances often involve cattle semen, they
are typically conducted on metal particles (e.g., magnetite [71], gold [72], or iron [73]). Re-
search on the toxic effects of microplastics on semen parameters and reproductive function
is scarce. However, one of the few studies on polystyrene microparticles demonstrated de-
creased sperm functionality and increased oxidative stress in embryos [73]. Our study will
contribute to the investigation of fertility and male infertility, which has gained relevance
given the widespread accumulation of microplastics in the environment [74,75].

The migration behavior of microplastic components is also poorly studied, likely due
to a lack of awareness of the potential public health risks posed by toxicants migrating
from polymeric materials. Phenol and formaldehyde are two common chemicals known to
migrate into contact media from polymer products [76]. Formaldehyde can cause degener-
ative changes in parenchymatous organs and skin sensitization, and has significant effects
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on the central nervous system. It also inactivates several enzymes in organs and tissues,
inhibits nucleic acid synthesis, disrupts vitamin C metabolism, and exhibits mutagenic
properties. Formaldehyde is particularly hazardous due to its ability to be rapidly and
completely absorbed through any route of entry into the body [77].

The comprehensive nature of this study will provide a more thorough evaluation of
the potential hazards posed by aqueous extracts from microplastics of various structures
and sizes to living organisms. The findings can be used to assess the potential risks to
humans and biota in contact with water containing microplastics.

2. Materials and Methods

2.1. Objects of the Study

All toxicological studies on microplastics were conducted using four types of plastics:
polypropylene (PP, from water pipes), polyethylene (PE, from water pipes), polyethylene
terephthalate (PET, from plastic bottles), and polystyrene (PS, from packaging containers).
These types of plastics were selected based on their prevalence in natural and drinking
waters, as established in our earlier studies [51,52]. The structures of the selected poly-
mers were determined by infrared (IR) spectroscopy using an IR-Prestige 21 spectrometer
(Shimadzu Corporation, Kyoto, Japan) within the wavelength range of 4000–400 cm−1.
No special sample preparation was required, and the analysis was conducted using a
DuraSampl IR II single-reflection total internal reflection (ATR) attachment (prism material:
diamond on ZnSe substrate) (Smiths Detection, Danbury, CT, USA).

The IR spectra were analyzed using the Polymer2, Polymer, T-Polymer, and T-Organic
library databases, as well as by interpreting absorption bands corresponding to the stretching
and bending vibrations of functional groups characteristic of specific polymers. Polypropylene
(PP) was identified by the presence of absorption bands corresponding to the stretching and
bending vibrations of CH, CH2, and CH3 groups at 2950, 2918, 2836, 1456, and 1376 cm−1.
Similarly, the IR spectrum of polyethylene (PE) showed absorption bands at 2916, 2846,
1468, and 717 cm−1, corresponding to the stretching and bending vibrations of the CH2
group [52,78]. The structures of polyethylene terephthalate (PET) and polystyrene (PS)
were identified by comparing their Fourier-transform infrared (FTIR) spectra with those in
polymer library databases.

All types of plastics were manually shredded and further processed through various
laboratory mills to simulate the fragmentation of microplastics as they naturally degrade in
the environment. In order to standardize all studies throughout the project, we studied
the fractions of microplastics obtained by us with the available set of sieves (0.175 mm;
0.3 mm; 1.0 mm; 2.0 mm; and 3.0 mm). Thus, in the toxicological study, we covered the
range of sizes of microplastics found by us in surface waters and in tap water (100–500 μm
on the largest side [51,52]), which correlates with other published data, where the detected
microplastic particles were in the range of more than 0.7 mm, less than 0.3 mm, and in
the range of 0.3–0.7 mm [79]. Given that the entire surface area of a plastic container or a
significant surface area of a plastic water pipe may be in contact with water, in this study
we also included microplastics larger than 1 mm (1 mm and 3 mm), taking into account
that the maximum microplastic size is generally considered to be particles smaller than
5 mm [80].

Thus, the shredded plastic was then sieved into fractions of 3 mm, 2 mm, 1 mm,
0.3 mm, and 0.175 mm using a series of sieves. All experiments were carried out on the
following 20 different variants of microplastic:

• Aqueous extracts from plastic bottle (PET) with particle sizes of 0.175 mm; 0.3 mm;
1.0 mm; 2.0 mm; and 3.0 mm;

• Aqueous extracts from plastic container (PC) with particle sizes of 0.175 mm; 0.3 mm;
1.0 mm; 2.0 mm; and 3.0 mm;

• Water extracts from water pipe (PP) with particle sizes of 0.175 mm; 0.3 mm; 1.0 mm;
2.0 mm; and 3.0 mm;
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• Water extracts from water pipe (PE) with particle sizes of 0.175 mm; 0.3 mm; 1.0 mm;
2.0 mm; and 3.0 mm.

In order to simulate the contact of drinking water with the surface of plastic contain-
ers and to ensure the prevention of external contamination, the process of microplastic
extraction was carried out in closed containers. After the specified extraction time, the
microplastic was separated from the liquid fraction by filtration through No. 42 Whatman
filters, which ensured the removal of any particles larger than 2.5 μm. The resulting ex-
tracts were then used to assess their toxic properties. The toxicity of aqueous extracts of
microplastics was evaluated in a toxicity study:

• Phytotoxicity;
• Genotoxic properties on a plant test subject;
• Local cutaneous irritant action at single applications to the back skin of experimental

animals;
• Phenol and formaldehyde migration;
• Acute toxicity using frozen bovine semen.

The test subject in the experiment to assess phytotoxicity and mutagenic activity was
common barley (Hordeum vulgare L.), often used by scientists as a model species for basic
and applied research on agricultural crops. The diploid genome and haploid set of a
small number (7) of chromosomes makes barley suitable for genotoxic studies [81,82]. In
addition, barley is the most common type of agricultural crop grown in the Akmola region
and in Kazakhstan. Given the fact that microplastic pollution has the greatest impact on
agrocenoses [83], this study on the toxicity of microplastics on barley is informative for
such agrocenoses.

The positive control was methyl methanesulfonate (MMS), a classic mutagen [81,82],
and distilled water (dH2O) was the negative.

Sexually mature laboratory animals, specifically rabbits weighing between 3500–3800 g,
were selected as test subjects for studying the epicutaneous effects of aqueous extracts of
microplastics. The selection of animals and the formation of homogeneous experimental
and control groups were carried out with consideration of similar body weight (with a
maximum weight difference of no more than 10% within each group), as well as the absence
of differences in behavior and general health condition.

For the acute toxicity experiment, bovine semen frozen in liquid nitrogen vapor was
used as a test subject. The frozen bovine semen pellets were obtained from artificial
insemination stations and stored in Dewar vessels filled with liquid nitrogen.

2.2. Research Methods

To assess the phytotoxicity and genotoxicity of aqueous extracts of microplastics, all
types of shredded plastic were divided into fractions and immersed in distilled water at a
concentration of 1 g of microplastic per 100 cm3 of water. The mixtures were then incubated
for 1 month at thermostatic room temperature (22–25 ◦C). For experiments evaluating
skin irritant effects, the migration of phenol and formaldehyde, and acute toxicity using
frozen bovine semen, the preparation of aqueous extracts of microplastics was conducted
according to the relevant standards described in Sections 2.2.1–2.2.5

In order to standardize the experimental conditions, aqueous extracts were obtained
using distilled water with a pH of 5.4–6.6 (without further changing the acid–base bal-
ance), at illumination levels regulated by standards for laboratory and thermostatic rooms
(400 lux) and for the vivarium (325 lux) [84], and the following thermostatting temperature
conditions:

• Assessment of phytotoxicity and frozen bovine semen: obtaining extracts—22–25 ◦C,
seed germination—23–24 ◦C;

• Assessment of skin irritant properties: preparation of aqueous extracts—(18–24 ◦C);
• Acute toxicity studies on bovine semen—preparation of aqueous extracts at 40 ◦C;
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• study of phenol and formaldehyde migration—preparation of extracts at a temperature
of −22–25 ◦C.

2.2.1. Method for Analyzing Phytotoxic Properties

To conduct research on the model test subject barley (Hordeum vulgare L.), seeds with
a germination efficiency of at least 80% were selected at the initial stage. The scheme for
determining phytotoxicity is shown in Figure 1a.

Figure 1. Schematic diagram of (a) analysis of phytotoxicity and (b) mutagenic activity of microplas-
tic extracts.

The cleaned seeds were soaked in water for 12 h to enhance germination. Following
this, the already swollen seeds (50 per treatment) were immersed in aqueous extracts of
microplastics for 4 h. After soaking, the seeds were planted in Petri dishes and placed
in a thermostat at 23–24 ◦C for root germination over a period of 3 days. The number
of germinated seeds was recorded every 24 h. Seed germination was determined by the
presence of a visible root emerging from the split seed coat [44].

The phytotoxic activity of the various microplastic treatments was assessed based
on the germination rate, seedling vigor, and overall germination rate of common barley
seeds (Hordeum vulgare L.) as per the methodology outlined in [85]. The percentage of seed
germination (B) was calculated using Equation (1).

B =
a
b
× 100% (1)

where a is the number of germinated seeds and b is the total number of seeds.
The germination rate (C) is the sum of the average number of seeds germinating daily,

calculated using Equation (2).

C = a +
b
2
+

c
3

(2)

where a is the number of seeds germinated during the first day, b is the number of seeds
germinated on the second day, and c is the number of seeds germinated on the third day.

Germination unity refers to the average percentage of seeds per day of germination,
calculated by Equation (3):

D =
P
A

(3)
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where D is the germination unity, P the number of germinated seeds for the first day, and A
the number of germinated seeds for the fourth day.

2.2.2. Method of Mutagenic Activity Analysis

The general scheme of the analysis of mutagenic activity is presented in Figure 1b.

Methods of Preparation of Cytogenetic Preparations from Cells of the Root Meristem of
Common Barley (Hordeum vulgare L.)

Cytogenetic preparations from the cells of the root meristem of common barley were
prepared and stained with fuchsin–sulfuric acid according to the methodology outlined
in [85]. To arrest cell division at the metaphase stage, seeds germinated overnight in the
thermostat were transferred to a 0.01% colchicine solution for 4 h. The seeds were then
fixed using a freshly prepared solution of glacial acetic acid and 96% ethyl alcohol in a
1:1 ratio.

Initially, the fixed material was thoroughly washed in three portions of distilled water,
with each wash lasting 4 min. Following the water washes, cold hydrolysis was performed
using a pre-cooled solution of concentrated hydrochloric acid diluted with water at a
1:1 ratio for 50 min at 4–5 ◦C. After hydrolysis, the samples were washed to remove
hydrochloric acid and incubated in a fuchsinic acid solution for a minimum of 12 h in
the dark.

The enzymatic maceration method was employed to decompose the intercellular
matrix and remove the cell walls. During this stage, the brightly colored root tips containing
the zone of actively dividing meristematic cells were carefully excised with a scalpel and
placed in an aqueous solution of cytase for 30 min at 30 ◦C. After washing the enzyme off
with distilled water, 2–3 drops of 45% acetic acid were added to the apical parts of the roots
and allowed to incubate for 1–2 min. The root tips were then transferred to a microscope
slide using a pipette and covered with a coverslip to create a monolayer of cells.

Microscopy was the final step, in which the cytogenetic preparations were analyzed
under an MX 100T microscope (MicroOptix, Wiener Neudorf, Austria) at a magnification
of 1000×.

Metaphase Method of Accounting for Chromosomal Aberrations

The genotoxic activity of microplastic aqueous extracts was assessed by counting
metaphase chromosomal aberrations. For each experimental variant, more than 400 metaphase
cells from barley root meristems were examined. In analyzing the structural changes of
chromosomes, both the overall frequency of chromosomal aberrations and the frequency
of chromosomal and chromatid-type abnormalities were considered. The frequency of
aberrations resulting from natural mutation processes in plant cells served as the control.
For each experimental variant, the percentage of cells with altered chromosomes was
calculated relative to the total number of metaphases studied, as well as the percentage of
total chromosomal changes classified as chromosome rearrangements.

Experiments assessing phytotoxicity and genotoxicity were conducted in triplicate.
For all cases, mean values and their associated standard errors were computed using the
Microsoft Excel data analysis package. The significance of differences between mean values
was evaluated using Student’s t-test for independent samples, with a significance threshold
set at 0.05 (p < 0.05).

2.2.3. Method for Assessing the Dermal Irritant Effect

This study was conducted at the National Centre of Expertise in the Akmola region,
which is accredited to perform toxicological assessments of plastic products on test subjects.
Each experimental group consisted of 10 animals, adhering to the state standards that
require a minimum of 6 animals per group [86]. Applications were made on the skin of
rabbits, covering at least 5% of the total skin surface, which corresponded to an area of
7 × 8 cm2.
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A day prior to the experiment, the fur of the animals was carefully clipped using
an electric trimmer on symmetrical areas of the back, leaving 1–2 cm of fur between the
clipped sections. The right side of the back was designated for the application of the test
substance, while the left side served as the control. To prevent the animals from licking the
applied substance and to minimize inhalation, they were housed individually in specialized
enclosures during the exposure period.

Gauze pads soaked in a water extract of microplastics were applied to the skin of the
rabbits. The preparation of these extracts involved adding 1 g of the specific type and frac-
tion of microplastic to 100 cm3 of distilled water at room temperature (18–24 ◦C, extraction
duration—4 days under thermostatic conditions, exposure duration—4 h). Clinical mani-
festations of intoxication and the condition of the skin were monitored 1 h and 24 h after
application and subsequent washing of the substance. The presence of a skin-intoxication
effect was evaluated based on indicators of skin functional disorders, including erythema,
edema, fissures, ulcers, and changes in the temperature and neutralizing capacity of the
skin. The experiment was conducted in triplicate.

2.2.4. Method of Acute Toxicity Study Based on Frozen Bovine Semen

This study was conducted at TEKS LLP, which is accredited to perform toxicological
assessments of polymeric materials in accordance with the Methodological Guidelines [87].
The method employed involves examining changes in sperm motility in response to chemi-
cal compounds present in the extracts derived from the samples under investigation. The
motility index is determined by measuring changes in light intensity as spermatozoa move
through an optical probe.

The preparation of aqueous extracts was done as follows. For testing, 30 g of each
microplastic fraction (PS, PET, PP, and PE) were prepared. Using a quartering method, 1 g
suspensions microplastic were extracted from each fraction and placed in heat-resistant
flasks with a capacity of 250 cm3. A total of 100 cm3 of boiling distilled water was added,
and the flasks were incubated in a thermostat at a temperature of (40 ± 2) ◦C for 24 h.
To establish a toxicity index, the experimental solutions were compared against a control
(model) medium. Glucose-citrate medium (glucose—4 g, sodium citrate—1 g, and distilled
water—100 cm3) was selected as the control solution, which also served as the diluent for
thawing frozen semen.

The experimental solution consisted of an aqueous extract of microplastics adjusted to
isotonicity using dry reagents of glucose and sodium citrate (glucose—4 g, sodium citrate—
1 g, and test solution—100 cm3). Control and experimental solutions of 0.4 cm3 each were
placed in test tubes with lapped plugs and incubated in a water bath at (40 ± 1.5) ◦C. Both
the control and experimental solutions were prepared one hour before the experiment.
Subsequently, 0.1 cm3 of semen stock solution was added to each test tube of the control
and experimental series. Each working sample was then transferred into a cuvette, sealed,
placed in a hood test stand, and tested immediately for 10–300 s [87].

The test results were evaluated by comparing the sperm motility of bovine semen from
the tested samples to that of the control sample, which was designated as 100% (toxicity
index). The experiment was repeated until the standard deviation of three parallel tests did
not exceed 1%.

2.2.5. Method for Analyzing Phenol and Formaldehyde Migration Values

This study was conducted in accordance with [88]. This normative document estab-
lishes the values of PAM (mg/dm3)—the permissible amount of migration of a chemical
substance—as a limiting indicator. Sanitary–hygienic requirements are set for formalde-
hyde migration in polymeric particles such as PS, PET, PP, and PE. While these polymers
are not typically evaluated for phenol migration due to their chemical structures, we opted
to include phenol migration assessment in this experiment to evaluate the quality of the
tested products.
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The experiment was carried out using distilled water under the following conditions:
temperature—22–25 ◦C and exposure time extraction duration—3 h under thermostatic
conditions [88]. To ensure that standardized conditions [88] were met (the ratio of the
microplastic particle area to the water surface area should be no less than 1 cm2:2 cm2) and
that the condition of uniform microplastic concentration in the extracted solutions was met
in all our experiments, 1 g of microplastic was taken and 100 cm3 of distilled water at a
temperature of 22–25 ◦C was added to obtain the extracts.

The concentration of formaldehyde was determined using a photocolorimetric method
with a Jenway 6320D spectrophotometer (Jenway Ltd., Gransmore Green, Great Britain),
with a measurement accuracy of ±0.01 mg/dm3, in accordance with [89]. The phenol
concentration was assessed via gas chromatography using a “Chromos GC-1000” gas
chromatograph equipped with a flame ionization detector (Chromos Ltd., Dzerzhinsk,
Russia), also with a measurement accuracy of ±0.01 mg/dm3 [86].

The concentrations of phenol and formaldehyde in the aqueous extracts were then
compared against the sanitary norms for the permissible migration quantities (PMQs) of
these substances.

3. Results and Discussion

3.1. Assessment of Phytotoxic Properties of Microplastics

When barley seeds were soaked in the aqueous extracts of all studied fractions of
microplastics, a deterioration in the physiological parameters of the barley was observed
compared to the negative control (Table 1). Additionally, after 2–3 days, rotting formations
were noted in the majority of seeds treated with the aqueous extracts of all types of the
studied microplastics.

Table 1. Percentage of germination and speed, friendliness of seed germination when soaking seeds
with water extract of polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), and
polyethylene (PE).

Experiment Variant Germination, %
Germination Rate,

Conventional Units
Germination
Density, %

Negative control, dHO2 86.67 ± 1.76 39.39 ± 0.81 28.89 ± 0.59
Positive control, MMC (5 mg/dm)3 66.67 ± 1.76 ** 31.39 ± 1.19 * 22.22 ± 0.72 **

Polystyrene (PS)

0.175 mm 69.33 ± 3.53 * 30.83 ± 1.30 * 23.11 ± 1.18 *
0.3 mm 71.3300 ± 3.53 32.83 ± 1.78 23.78 ± 1.18
1.0 mm 72.00 ± 4.16 29.61 ± 2.14 * 24.00 ± 1.39
2.0 mm 74.00 ± 3.46 31.89 ± 2.50 24.67 ± 1.15
3.0 mm 75.33 ± 4.37 33.39 ± 2.31 25.11 ± 1.46

Polyethylene
terephthalate (PET)

0.175 mm 73.33 ± 1.76 * 33.72 ± 0.86 * 24.44 ± 0.59 *
0.3 mm 76.67 ± 3.33 33.72 ± 1.33 25.56 ± 1.11
1.0 mm 77.33 ± 5.46 34.56 ± 1.53 25.78 ± 1.82
2.0 mm 78,00 ± 4.62 36.72 ± 0.70 26.00 ± 1.54
3.0 mm 78.67 ± 2.40 35.61 ± 0.87 26.22 ± 0.80

Polypropylene (PP)

0.175 mm 72.67 ± 2.40 * 33.17 ± 1.42 * 24.22 ± 0.80 *
0.3 mm 74.67 ± 2.40 * 32.67 ± 0.75 ** 24.89 ± 0.80 *
1.0 mm 76.00 ± 4.00 35.89 ± 2.12 25.33 ± 1.33
2.0 mm 77.33 ± 2.91 35.22 ± 1.27 25.78 ± 0.97
3.0 mm 79.33 ± 4.06 34.06 ± 0.48 ** 26.44 ± 1.35

Polyethylene (PE)

0.175 mm 69.33 ± 2.91 * 28.83 ± 2.18 * 23.11 ± 0.97 *
0.3 mm 70.00 ± 3.06 * 31.17 ± 1.04 * 23.33 ± 1.02 *
1.0 mm 71.33 ± 3.71 30.89 ± 1.65 * 23.78 ± 1.24
2.0 mm 72.67 ± 3.53 32.28 ± 1.26 * 24.22 ± 1.18
3.0 mm 75.33 ± 2.91 33.22 ± 0.96 * 25.11 ± 0.97

Note: * p < 0.05, ** p < 0.01—compared to negative control.
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Specifically, when seeds were exposed to polystyrene (PS) microplastic of 0.175 mm
size, there was a statistically significant decrease (p < 0.05) in seed germination, which
was reduced by 1.25 times, along with a 1.28 times decrease in germination rate and a
1.25 times decrease in germination uniformity compared to the negative control. Notably,
these decreases in physiological parameters were comparable to those observed in the
positive control.

In seeds exposed to PS microplastic particles of sizes 0.3 mm, 1.0 mm, 2.0 mm, and
3.0 mm, an increase in phytotoxic activity was observed; however, these changes were not
statistically significant compared to the negative control. An exception was noted with
the germination rate of barley seeds influenced by the 1.0 mm fraction of PS microplastic,
which showed a statistically significant decrease of 1.33 times (p < 0.05).

When seeds were exposed to PET microplastic of 0.175 mm size, a statistically signifi-
cant decrease in seed germination was observed, reduced by 1.18 times (p < 0.05), along
with a 1.17 times decrease in germination rate and a 1.18 times decrease in germination
uniformity compared to the negative control. This decrease in phytotoxicity indicators was
comparable to the positive control.

For seeds exposed to PET microplastic sizes of 0.3 mm, 1.0 mm, 2.0 mm, and 3.0 mm,
a decrease in physiological indicators was also noted; however, these changes were not
statistically significant compared to the negative control.

In the case of water extracts from PP microplastic fractions of 0.175 mm and 0.3 mm,
statistically significant decreases in seed germination were observed, reduced by 1.19 times
(p < 0.05) and 1.16 times (p < 0.05), respectively. Germination rates also decreased signifi-
cantly by 1.19 times (p < 0.05) and 1.21 times (p < 0.01) for these fractions, respectively, as
well as germination uniformity decreasing by 1.19 times (p < 0.05) and 1.16 times (p < 0.05).
Notably, when seeds were exposed to PP microplastic of 3.0 mm size, a statistically sig-
nificant decrease in the germination rate of 1.16 times (p < 0.01) compared to the negative
control was observed. This decline in physiological parameters and the increase in phy-
totoxic activity of the PP microplastic was at a level similar to that of the positive control.
Deterioration in the physiological indicators of barley seeds exposed to PP microplastic
fractions of 1.0 mm and 2.0 mm was also observed, although these changes were not
statistically significant compared to the negative control.

When seeds were exposed to microplastic PE fractions of 0.175 mm and 0.3 mm,
statistically significant decreases in seed germination were observed, reduced by 1.25 times
(p < 0.05) and 1.24 times (p < 0.05), respectively. Similar reductions were noted in the
germination rates, which decreased by 1.25 times for the 0.175 mm fraction and 1.24 times
for the 0.3 mm fraction compared to the negative control.

Additionally, significant decreases in germination rates were observed for all PE
microplastic fractions compared to the negative control: 0.175 mm—1.37 times, 0.3 mm—
1.26 times, 1.0 mm—1.28 times, 2.0 mm—1.22 times, and 3.0 mm—1.19 times. The deterio-
ration of the barley’s physiological parameters in these cases was similar to that observed
in the positive control.

Statistical analysis did not reveal significant differences between the various types of
microplastics tested. Thus, the data indicate that all four types of microplastics (PS, PET,
PP, and PE) exhibited statistically significant phytotoxic properties, particularly for the
smallest fraction studied (0.175 mm). For the 0.3 mm fraction, significant reductions in
all studied physiological parameters of barley were found for PP and PE; for the 1.0 mm
fraction, significant effects were noted for PS; for the 2.0 mm fraction, significant effects
were observed for PE; and for the 3.0 mm fraction, significant effects were noted for both
PP and PE.

Phytotoxic activity manifested as growth-inhibiting effects on germinating barley
seeds, along with the presence of rot formations within the seeds.

A few studies on the phytotoxicity of microplastics have indicated negative effects on
seed growth due to toxicants leached from plastics [43]. These studies also suggest that the
effects of plastics can vary based on concentration, polymer type, and plant species [90,91].

39



Water 2024, 16, 3250

Furthermore, nanosized plastic particles may exert physical blocking effects, clogging pores
and preventing water entry, thereby inhibiting seed growth [44].

3.2. Assessment of Chromosomal Abnormalities

When H. vulgare seeds were exposed to aqueous extracts of all types of the stud-
ied microplastics, an increase in the frequency of chromosomal abnormalities in apical
meristem cells was observed compared to the baseline levels of spontaneous mutations.
Table 2 presents the data on the frequency of chromosomal aberrations in the meristems
of common barley germinal roots that were soaked in aqueous extracts of microplastics
from polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), and polyethy-
lene (PE).

Table 2. Frequency of chromosomal abnormalities in common barley root meristem cells germinated
on aqueous extracts of polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), and
polyethylene (PE) microplastics.

Experiment Variant Total Cells
Frequency of

Aberrant Cells
(M ± m,%)

Number of Chromosomal Aberrations
per 100 Metaphase Cells

Total
Aberrations

Chromosomal
Type

Chromatid
Type

Negative control, dHO2 450 1.11 ± 0.49 1.11 ± 0.49 0.44 ± 0.31 0.67 ± 0.38
Positive control,

MMC (5 mg/dm)3 471 5.31 ± 1.03 *** 5.94 ± 1.09 *** 2.55 ± 0.73 ** 3.40 ± 0.83 **

Polystyrene
(PS)

0.175 mm 480 3.75 ± 0.87 ** 4.58 ± 0.95 ** 2.08 ± 0.65 * 2.50 ± 0.71 *
0.3 mm 511 3.52 ± 0.82 * 3.91 ± 0.86 ** 1.37 ± 0.51 2.54 ± 0.70 *
1.0 mm 512 3.32 ± 0.79 * 3.91 ± 0.86 ** 1.56 ± 0.55 2.34 ± 0.67 *
2.0 mm 458 2.84 ± 0.78 3.28 ± 0.83 * 1.09 ± 0.49 2.18 ± 0.68
3.0 mm 446 2.69 ± 0.77 2.91 ± 0.80 0.90 ± 0.45 2.02 ± 0.67

Polyethylene
Terephthalate

(PET)

0.175 mm 462 4.55 ± 0.97 ** 5.41 ± 1.05 *** 2.16 ± 0.68 * 3.25 ± 0.82 **
0.3 mm 482 3.94 ± 0.89 ** 4.15 ± 0.91 ** 1.87 ± 0.62 * 2.28 ± 0.68 *
1.0 mm 425 4.24 ± 0.98 ** 4.71 ± 1.03 ** 1.18 ± 0.52 3.53 ± 0.90 **
2.0 mm 436 3.67 ± 0.90 * 3.90 ± 0.93 ** 1.61 ± 0.60 2.29 ± 0.72 *
3.0 mm 440 3.64 ± 0.89 * 3.86 ± 0.92 ** 1.59 ± 0.60 2.27 ± 0.71 *

Polypropylene
(PP)

0.175 mm 500 3.20 ± 0.79 * 3.40 ± 0.81 * 1.60 ± 0.56 1.80 ± 0.59
0.3 mm 490 3.06 ± 0.78 * 3.06 ± 0.78 * 1.43 ± 0.54 1.63 ± 0.57
1.0 mm 442 2.94 ± 0.80 2.94 ± 0.80 1.36 ± 0.55 1.58 ± 0.59
2.0 mm 456 2.85 ± 0.78 2.85 ± 0.78 1.32 ± 0.53 1.54 ± 0.58
3.0 mm 495 2.63 ± 0.72 2.63 ± 0.72 1.21 ± 0.49 1.41 ± 0.53

Polyethylene
(PE)

0.175 mm 495 3.23 ± 0.79 * 3.64 ± 0.84 * 1.82 ± 0.60 * 1.82 ± 0.60
0.3 mm 500 3.20 ± 0.79 * 3.40 ± 0.81 * 1.60 ± 0.56 1.80 ± 0.59
1.0 mm 520 2.88 ± 0.73 * 2.88 ± 0.73 * 1.15 ± 0.47 1.73 ± 0.57
2.0 mm 465 2.80 ± 0.76 2.80 ± 0.76 1.08 ± 0.48 1.72 ± 0.60
3.0 mm 458 2.40 ± 0.72 2.40 ± 0.72 0.87 ± 0.43 1.53 ± 0.57

Note: * p < 0.05, ** p < 0.01, *** p < 0.001 compared to negative control.

The frequency of aberrant cells exposed to PS microplastic fractions of 0.175 mm,
0.3 mm, and 1.0 mm significantly increased compared to the negative control, by 3.38-fold
(p < 0.01), 3.17-fold (p < 0.05), and 2.99-fold (p < 0.05), respectively. For PS microplastic
fractions of 2.0 mm and 3.0 mm, the frequency of aberrant cells also increased compared to
the negative control, by 2.56-fold and 2.42-fold, respectively; however, these increases were
not statistically significant.

When assessing the number of chromosomal aberrations per 100 metaphases in the
apical meristem of barley seeds exposed to aqueous extracts of microplastics from PS
fractions, statistically significant increases were observed compared to the negative control.
Specifically, exposure to the aqueous extract of the 0.175 mm PS fraction resulted in a
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4.13-fold increase (p < 0.01) in chromosomal aberrations. The number of chromosomal and
chromatid aberrations increased 4.73-fold (p < 0.05) and 3.73-fold (p < 0.05), respectively.

For the 0.3 mm PS fraction, the number of chromosomal structural rearrangements
per 100 metaphases increased by 3.52-fold (p < 0.01) compared to the negative control,
while chromosomal and chromatid aberrations increased 3.11-fold and 3.79-fold (p < 0.05),
respectively. Similarly, exposure to the aqueous extract of the 1.0 mm PS fraction led to a
3.52-fold increase in chromosomal aberrations (p < 0.01), with chromosomal and chromatid
aberrations increasing 3.54-fold and 3.49-fold (p < 0.05), respectively.

For the 2.0 mm PS fraction, a statistically significant increase in chromosomal aberra-
tions was observed, with a 2.95-fold increase (p < 0.05) compared to the negative control.
The number of chromosomal and chromatid aberrations increased by 2.48-fold and 3.01-
fold, respectively. Exposure to the aqueous extract of the 3.0 mm PS fraction also resulted
in a significant increase in chromosomal aberrations, with a 2.62-fold increase compared to
the negative control and a 2.05-fold and 3.01-fold increase in chromosomal and chromatid
aberrations, respectively.

When barley seeds were exposed to aqueous extracts of PET microplastic of the
0.175 mm fraction, a statistically significant increase in the frequency of aberrant cells
was observed, with a 4.10-fold increase (p < 0.01) compared to the negative control. The
number of chromosomal structural rearrangements per 100 metaphases also significantly
increased by 4.87-fold (p < 0.001). Additionally, the number of chromosome-type aber-
rations increased 4.91-fold (p < 0.05) and chromatid-type aberrations increased 4.85-fold
(p < 0.01).

For the 0.3 mm PET fraction, the frequency of aberrant cells significantly increased by
3.55-fold (p < 0.01) compared to the negative control, while the number of chromosomal
rearrangements per 100 metaphases increased by 3.74-fold (p < 0.01). The number of
chromosomal type aberrations increased 4.25-fold (p < 0.05) and the number of chromatid
type aberrations increased 3.40-fold (p < 0.05).

Exposure to aqueous extracts of the 1.0 mm PET fraction resulted in a statistically
significant increase in the frequency of cells with chromosomal aberrations, with a 3.82-fold
increase (p < 0.01), and a 4.24-fold increase (p < 0.01) in the number of chromosomal aberra-
tions per 100 metaphases compared to the negative control. This fraction also exhibited a
significant increase in chromosomal type rearrangements (2.68-fold) and chromatid type
rearrangements (5.27-fold, p < 0.01).

The 2.0 mm PET fraction caused a statistically significant increase in the frequency
of cells with chromosomal aberrations, by 3.31-fold (p < 0.05), and in the number of
chromosomal rearrangements per 100 cells, by 3.51-fold (p < 0.01), compared to the negative
control. The number of chromosome-type aberrations increased 3.66-fold and chromatid-
type aberrations increased 3.42-fold (p < 0.05).

Finally, exposure to aqueous extracts of the 3.0 mm PET fraction resulted in a sta-
tistically significant increase in the frequency of cells with chromosomal structural ab-
normalities, with a 3.28-fold increase (p < 0.05) compared to the negative control. The
number of chromosomal aberrations per 100 metaphases increased by 3.48-fold (p < 0.01),
while chromosome-type aberrations increased 3.61-fold and chromatid-type aberrations
increased 3.39-fold (p < 0.05).

When barley seeds were exposed to aqueous extracts of PP microplastic, the frequency
of aberrant cells significantly increased compared to the negative control. For the 0.175 mm
and 0.3 mm fractions, the frequency of aberrant cells increased by 2.88-fold (p < 0.05) and
2.76-fold (p < 0.05), respectively. In contrast, the frequencies of aberrant cells for the 1.0 mm,
2.0 mm, and 3.0 mm fractions increased by 2.65-fold, 2.57-fold, and 2.37-fold compared to
the negative control, but these increases were not statistically significant.

When evaluating the number of chromosomal aberrations per 100 metaphases in
the apical meristem of barley seeds, significant increases were noted for the 0.175 mm
and 0.3 mm fractions compared to the negative control. Specifically, exposure to the
aqueous extracts of the 0.175 mm PP fraction resulted in a 3.06-fold increase (p < 0.05)
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in the number of chromosomal aberrations. Additionally, chromosomal and chromatid
aberrations increased by 3.64-fold and 2.69-fold, respectively.

For the 0.3 mm PP fraction, the increase in the number of structural rearrangements
of chromosomes per 100 metaphases was 2.76-fold (p < 0.05) compared to the negative
control, with chromosomal and chromatid aberrations increasing by 3.25-fold and 2.43-fold,
respectively.

When barley seeds were exposed to aqueous extracts of the 1.0 mm PP fraction, there
was a 2.65-fold increase in the number of chromosomal aberrations per 100 metaphases
compared to the negative control. This exposure also led to increases of 3.09-fold and
2.36-fold in chromosomal and chromatid aberrations, respectively.

For the 2.0 mm PP fraction, the number of chromosomal aberrations per 100 metaphases
increased by 2.57-fold compared to the negative control, with chromosomal and chromatid
aberrations rising by 3.00-fold and 2.30-fold, respectively. Finally, exposure to the aqueous
extract of the 3.0 mm PP fraction resulted in a 2.37-fold increase in chromosomal aberrations
per 100 metaphases compared to the negative control, with chromosomal and chromatid
aberrations increasing by 2.75-fold and 2.10-fold, respectively.

When barley seeds were exposed to aqueous extracts from PE microplastic of the
0.175 mm fraction, a statistically significant increase in the frequency of aberrant cells was
observed, rising 2.91 times (p < 0.05) compared to the negative control. The number of
chromosomal structural rearrangements per 100 metaphases also increased by 3.28 times
(p < 0.05). Additionally, chromosomal type aberrations increased by 4.14 times (p < 0.05),
while chromatid type aberrations rose by 2.72 times.

When exposed to aqueous extracts from the 0.3 mm PE microplastic fraction, the
frequency of aberrant cells increased significantly by 2.88 times (p < 0.05) compared to
the negative control and the number of chromosomal rearrangements per 100 metaphases
increased by 3.06 times (p < 0.05). The number of chromosomal type aberrations increased
by 3.64 times, while chromatid type aberrations rose by 2.69 times.

For the 1.0 mm PE microplastic fraction, a statistically significant increase in the level
of cells with chromosomal aberrations was noted, increasing by 2.59 times (p < 0.05). The
number of chromosomal aberrations per 100 metaphases also rose by 2.59 times (p < 0.05).
Furthermore, chromosomal type rearrangements increased by 2.61-fold and chromatid
type rearrangements increased by 2.58-fold.

The 2.0 mm PE microplastic fraction caused an increase in the frequency of cells with
chromosomal aberrations by 2.52 times and the number of chromosomal rearrangements per
100 cells also increased by 2.52 times compared to distilled water. However, while the number
of chromosomal type aberrations increased by 2.45-fold and the number of chromatid-type
aberrations increased by 2.57-fold, these increases were not statistically significant.

A similar trend was observed with the 3.0 mm PE microplastic fraction. The frequency
of cells with chromosomal structural abnormalities increased by 2.16 times compared to
the negative control, as did the number of chromosomal aberrations per 100 metaphases.
The number of chromosomal aberrations rose by 1.97 times and chromatid aberrations
increased by 2.28 times; however, these increases were not statistically significant. In the
studied cells of the barley apical meristem under the influence of various microplastics,
structural disorders of chromosomes were noted at the metaphase stage, irrespective of
the type (PS, PET, PP, and PE) or size of the microplastic (0.175 mm, 0.3 mm, 1 mm, 2 mm,
and 3 mm). Observed abnormalities included single and paired deletions, centric rings,
point fragments, and instances of polyploidy. Anaphase stage abnormalities included
chromosome lagging and chromosome bridges (see Figure 2).
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Figure 2. Chromosomal and genomic abnormalities in root germ meristem cells of Hordeum vulgare L.
induced by PS, PET, PP, and PE of fractions 0.175 mm, 0.3 mm, 1.0 mm, 2.0 mm, and 3.0 mm.

The results of the study on the genotoxicity of aqueous extracts from microplastics
demonstrated a statistically significant increase in both the frequency of aberrant cells and
the number of chromosomal aberrations in the apical meristem cells of barley. All types of
microplastics studied—PS, PET, PP, and PE—exhibited mutagenic effects, with these effects
being most pronounced for smaller fractions. The average increases in the frequency of
aberrant cells and the number of chromosomal aberrations per 100 metaphases were as
follows: for the 0.175 mm fraction, 3.32 and 3.84 times; for the 0.3 mm fraction, 3.09 and
3.27 times; and for the 1 mm fraction, 3.06 and 3.23 times, respectively. For the 2 mm and
3 mm fractions, statistically significant genotoxicity was observed only for PET.

The spectrum of chromosomal aberrations was broad and independent of the type and
size of microplastic. It included deletions, multiple breaks, centric rings, polyploids, chro-
mosomal bridges, and lagging chromosomes during anaphase. The order of microplastic
types based on decreasing genotoxicity was as follows: PET > PS > PE > PP.

This increase in genotoxicity with smaller particle sizes may be attributed to the
enhanced dispersibility of microplastics, which leads to an increased surface area for
extractable substances to migrate into aqueous solutions (solvents, monomers, etc.). These
extracted chemicals can impart toxicity to the aqueous extracts of microplastics and exhibit
phytotoxic effects and mutagenic activity in the presence of inert particles [13,14]. Similar
unexplained genotoxic effects, which intensified with decreasing particle size, were also
reported in experiments involving polystyrene [92].
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In contrast, the study of the dermal irritant properties of aqueous extracts from all
investigated types of microplastics (PS, PET, PP, and PE) across all fractional sizes revealed
no significant changes to the skin compared to the control group. This suggests that a single
application of aqueous extracts obtained at room temperature for a short duration (1 day)
does not reveal toxic properties of the microplastics. However, further research is necessary,
involving repeated exposure to microplastic extracts over extended extraction times (up to
30 days), varying the temperature of distilled water used for the extraction, and simulating
conditions that mimic the use of plastics in a domestic setting.

3.3. Results of Acute Toxicity Studies on Frozen Bull Semen

The results of the experiments are presented in Table 3.

Table 3. Toxicity index of aqueous fractions of microplastics established in the experiment on frozen
bull semen.

Polymer Fraction, mm Toxicity Index, %
Deviation of Sperm Motility of
Bull Semen from the Norm, %

Polystyrene (PS)

0.175 94.2 5.8
0.3 94.0 6.0
1.0 92.4 7.6
2.0 93.0 7.0
3.0 93.8 6.2

The average deviation of the PS is 6.52%

Polyethylene
terephthalate

(PET)

0.175 94.2 5.2
0.3 93.1 6.9
1.0 96.7 3.3
2.0 99.4 0.6
3.0 90.9 9.1

The average deviation on PET is 5.02%

Polypropylene
(PP)

0.175 98.7 0.3
0.3 99.8 0.2
1.0 105.6 5.6
2.0 109.9 9.9
3.0 107.2 7.2

The average deviation on PP is 4.64%

Polyethylene
(PE)

0.175 97.9 2.1
0.3 103.7 3.7
1.0 96.8 3.2
2.0 101.3 1.3
3.0 99.5 0.5

The average deviation in PE is 2.16%

As a result of the experiment, no significant effect of microplastic fractional size within
the range of 0.175 to 3 mm on the motility of bovine spermatozoa was observed. However,
an increase in toxicity was noted with greater complexity in the polymer structure. The
smallest deviation in sperm motility from the control was recorded for polyethylene (PE),
which has a simple structure characterized by a straight chain of methylene groups (CH2).
In contrast, polypropylene (PP) has a more complex structure due to the presence of a
methyl group in the side chain, resulting in a 2.16% reduction in sperm motility.

Polyethylene terephthalate (PET) features a benzene ring (C6H4) in its main chain,
which not only enhances the rigidity of the PET macromolecule but also elevates its glass
transition temperature and melting point. This structural complexity appears to influence
its toxic properties. According to the experimental results, the reduction in sperm motility
for PET microplastic particles was 2.32% compared to PE and 8.19% compared to PP.
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In contrast, polystyrene (PS) has a benzene ring located in its side chain, which
contributes to its brittleness and likely impacts its toxic properties adversely. In our
experiment, the change in sperm motility for PS was 1.3% lower than for PET and 3.02%
lower than for PE.

It is hypothesized that the experimental conditions—including treatment with boiled
water and daily thermostatting at elevated temperatures (40 ± 1.5 ◦C)—may facilitate
the formation of toxic organic compounds such as bisphenol A (BPA) [93,94]. BPA is a
known toxicant with detrimental effects on the reproductive system [95,96]. This concern
is particularly relevant for polymers with chemical structures that include benzene rings.
However, these assumptions warrant further investigation [97].

3.4. Results of Phenol and Formaldehyde Migration Analyses

The results of the experiment are presented in Table 4.

Table 4. Migration of phenol and formaldehyde into aqueous extracts from microplastic fractions
of polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP), and polyethylene (PE)
microplastics.

Polymer Fraction (mm)
Phenol

(mg/dm3)/PAM
Share

Formaldehyde
(mg/dm3)/PAM

Share
PAM Not More than 0.05 Not More than 0.1

Polystyrene (PS)

0.175 <0.01/0.02 0.30/3.0
0.3 <0.01/0.02 0.40/4.0
1.0 <0.01/0.02 0.31/3.1
2.0 <0.01/0.02 0.11/1.1
3.0 <0.01/0.02 0.12/1.2

Polyethylene
terephthalate (PET)

0.175 <0.01/0.02 1.04/10.4
0.3 <0.01/0.02 0.82/8.2
1.0 <0.01/0.02 0.50/5.0
2.0 <0.01/0.02 0.61/6.1
3.0 <0.01/0.02 0.40/4.0

Polypropylene (PP)

0.175 <0.01/0.02 1.04/10.4
0.3 <0.01/0.02 1.21/12.1
1.0 <0.01/0.02 0.30/3.0
2.0 <0.01/0.02 0.35/3.5
3.0 <0.01/0.02 0.26/2.6

Polyethylene (PE)

0.175 <0.01/0.02 0.41/4.1
0.3 <0.01/0.02 0.40/4.0
1.0 <0.01/0.02 0.34/3.4
2.0 <0.01/0.02 0.30/3.0
3.0 <0.01/0.02 0.32/3.2

As shown in Table 4, the migration of phenol into the aqueous extract is observed
at levels five times lower than the permissible value for dichloromethane (PAM). In con-
trast, the concentration of formaldehyde in the water extracts exceeds the PAM limit by
factors ranging from 1.1 to 12.1, depending on the type and fraction of microplastic. The
highest levels of formaldehyde migration are detected in polypropylene (PP), which we
selected as a representative of water pipe material (averaging 6.32 PAM for all fractions),
and in polyethylene terephthalate (PET), chosen as a sample of disposable plastic bottles
(averaging 6.74 PAM across all fractions).

Notably, the migration of formaldehyde increases as the size of the microplastic
fraction decreases. Therefore, it can be concluded that using water pipes made from
polyethylene (PE) and PP, as well as disposable tableware crafted from PET and polystyrene
(PS), even at room temperature and after a short exposure period (3 h), may result in
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formaldehyde migration that surpasses the permissible sanitary standards of the Eurasian
Economic Union (EurAsEU).

Furthermore, the use of water pipes made from PP and PE with hot water, and
disposable containers made from PET and PS for hot products, may lead to significantly
higher levels of formaldehyde migration. This warrants additional research in both aqueous
and gaseous environments.

Thus, a comparative analysis of published sources (see Table 5) showed that a number
of studies of the toxicity of micro- and nanoplastics on plant test systems (seed germination,
growth, and development of plant test objects) were carried out in soil, which, unlike in our
experiment and some other studies on plant seeds, allows for climatic factors, soil quality,
and microbial community to influence the results obtained [98].

Table 5. Comparative analysis of published sources.

Type of
Microplastic
(MP or NP)

Concentration Origin of MP
Object and Studied

Indicators
Research Result Source

PP-MP
PE-MP
PS-MP

1 g/100 dm3 of water
(extractant, for seeds)

Hand-crushed to
resemble

natural form

Barley Hordeum vulgare L.:
seed growth indicators,
genotoxicity in apical

meristem cells

decreased germination rates,
increased frequency of

aberrant cells and number of
chromosomal aberrations

This studyAcute toxicity to bull semen presence of influence on
sperm motility

Formaldehyde migration exceeding permissible levels
of migration

Phenol migration no toxic effects detected
Skin irritant effect on the

dermis of rabbits no toxic effects detected

PS-MP
PS-NP

10−3–10−7

particles/sm3

extractant (water)

spherical
(standardized
production)

Watercress Lepidium
sativum: seed germination,

root and shoot growth,
chlorophyll content, seed

growth indicators

significant effect on seed
germination and root growth
on the first day, the adverse

effect increased with the
transition from NP to MP

[99]

PET-MP
PVC-MP 0.5% (by soil weight)

spherical
(standardized
production)

Tomato Solanum
lycopersicum L.: growth and

number of fruits

Negative effects on growth
and physiology, fruit set;

increased
anti-nutritional properties

[100]

LDPE-MP

0.4% (by soil weight)
in a

climate-controlled
chamber

Hand-crushed

Wheat Triticum aestivum:
Wheat growth exposed to
low-density polyethylene

(LDPE) and biodegradable
starch-PET plastics

Negative impact on
aboveground and

underground parts of the
plant during vegetative and

reproductive growth

[101]

MP: PET, PA,
PP, PE, PU, PS,

PC, PES
0.4% (by soil weight) Hand-chopped Wild carrot Daucus carota:

seed germination

Deterioration of seed
germination rates depending

on MPs shape
[102]

PE-MP
0.25, 0.50, 0.75 and

1.0% of water
(extractant, for seeds)

Fragments (industrial
production)

Blackgram (Vigna mungo L.)
and tomato Solanum

lycopersicum L.): growth
and physiological

parameters

effect on seed germination,
root length and shoots,

depending on the dose, type
and duration of exposure

[91]

PS (MP, NP)

2 μm–80 nm in
0, 10, 50, 100 and 500

mg/L of water
(extractant, for plants

in the soil)

Fragments (industrial
production)

Ornamental plants:
Trifolium repens,

Orychophragmus violaceus
and Impatiens balsamina:

seed germination tendency,
germination rate and

various physiological and
biochemical parameters

inhibitory effect on seed
germination processes [103]

PMMA (MP,
NP)

0, 0.01, 0.1, 1, 5 y
10 g/L (for plants,

on soils)

Fragments (industrial
production)

Rape Brassia campestris L.:
Single and combined effects

Suppression of growth index
GI, biomass growth biomass,
root length and shoot length

[104]
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Table 5. Cont.

Type of
Microplastic
(MP or NP)

Concentration Origin of MP
Object and Studied

Indicators
Research Result Source

HDPE
Mater-bi®, MB

пaкеты

pieces of plastic bags
of size approximately

1 cm2, in liquid
(water) to solid

(plastic) ratios of 100,
10 and 5,

corresponding to
approximately

4.1 × 10−4,
4.1 × 10−3 and

8.3 × 10−3 bag/mL
respectively

(extractant, for seeds
and seedlings)

Hand-crushed to
resemble natural

form

Garden cress Lepidium
sativum L: seed germination

developmental abnormalities
and decreased plant growth [43]

PES-MP
PP-MP 0.4% (by soil weight) Fragments (industrial

production)

Corn Zea mays, Soybean
Glycine max, Peanut Arachis

hypogaea: growth,
physiological and

biochemical parameters

negative consequences for
plant growth, biomass

accumulation and its quality
[105]

PS-NP
200 nm

0.1–1000 mg/L (for
plants in the soil)

Fragments (industrial
production)

Rice seeds: seed
germination, root growth,

antioxidant enzyme activity
and transcriptome

gene expression, changes in
growth rates, root length,
accumulation of reactive

oxygen species in the roots.
No significant effect on seed

germination was found.
Significant increase in root

length and decrease in
antioxidant enzyme activity

[45]

PET-MP
PET-NP

0.02% (w/w
microplastic/soil)

industrial pellet
crushing

Watercress Lepidium sativu:
seed germination, plant

height, fresh biomass
production, oxidative stress

response, photosynthetic
apparatus disruption,

aminolevulinic acid and
proline production

The percentage of inhibition
of seed germination was the
only parameter that showed

statistically significant
changes

[106]

PS-MP
0.6–0.7 μg/day,

6–7 μg/ day,
60–70 μg/da

spherical
(standardized
production)

Mice
Decreased sperm quality,

abnormal testicular
spermatogenesis

[107]

PS-NP 50 mg/kg/day orally
spherical

(standardized
production)

Mice
Decreased fertility, expression

of genes associated with
apoptosis and inflammation

[108]

Only in the work [101] was it possible to ensure that climatic factors did not influ-
ence the growth of wheat seeds, but the influence of soil parameters remained. Various
crops have been chosen as plant test objects, such as cress salad [43,99,106], ornamental
plants [103] and wild carrot [102]. Of the agricultural crops, the following plant species
were studied that are most typical for the study region: barley (our study), tomatoes
and fruits [100], wheat [101], blackgram and tomatoes [91], rapeseed [104], corn, soybean,
peanut [105], and rice [45]. Most studies have examined the effects of microplastics on
growth, biochemical, and productivity characteristics of plants. However, only a few
studies have focused on the effects of microplastic toxicity on seed germination, a critical
stage in the plant life cycle. All studies confirm the negative impact of plastic particles on
seed germination [103], as established in our experiment, depending on the dose, type of
plastics, and duration of exposure, increasing the negative impact on seed germination
and root growth in the first day when switching from microplastics to nanoplastics [99],
which justifies our choice of the size of the studied particles. The importance of studying
seed germination when studying the toxicity of micro- and nanoplastics is confirmed by
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the study [106]. Among the parameters studied in the study (seed germination, plant
height, fresh biomass production, oxidative stress response, photosynthetic apparatus
impairment, and aminolevulinic acid and proline production), the percentage of seed
germination inhibition was the only parameter that showed statistically significant changes.
In the work [104], inhibition of root growth was observed along with suppression of the
growth index GI, biomass growth, and shoot length. One of the studies included the
results of a genetic test, which determined gene expression as well as changes in phys-
iological parameters—changes in growth rates, root length, and accumulation of active
oxygen species in rice roots [45]. However, the authors did not find any significant effect of
polystyrene nanoparticles on seed germination.

The effect of microplastic toxicity on sperm was studied in our experiment on frozen
bull sperm, but a comparative assessment with other studies could not be carried out
due to the lack of similar experiments. Most studies are conducted on animals (with oral
administration), which is subject to the influence of other factors (diet, hunched position of
the animals, etc.) and does not allow a clear assessment of the contribution of microplastic
toxicity to the effects detected. However, such studies have found decreased sperm quality,
abnormal testicular spermatogenesis, decreased fertility, and expression of genes associated
with apoptosis and inflammation for microplastics [107] and nanoplastics [108].

The presence of contradictory research results, the organization of phytotoxicity and
genotoxicity studies on individual types of microplastics (mostly represented by industrial
samples of spherical particles, far from the real shape of micro- and nanoplastics in water),
a small selection of plastic types (often polystyrene as an object of influence), and toxicity
assessment only on single test objects, in contrast to the comprehensive approach in our
case, make this study relevant and new.

4. Conclusions

The presence of microplastics (polystyrene (PS), polyethylene terephthalate (PET),
polypropylene (PP), and polyethylene (PE)) in the tap water of Kokshetau city (Akmola
region, Kazakhstan) has raised concerns regarding the potential toxic risks associated
with microplastics in the region’s drinking water and the possibility of skin irritation dur-
ing bathing. Our study evaluated the toxicity of aqueous extracts of polymer particles
fragmented to microplastic sizes rather than the polymers themselves. The investigation en-
compassed various microplastic fractions (0.175 mm, 0.3 mm, 1 mm, 2 mm, and 3 mm), thus
varying the contact surface area of microplastics with water and their extraction efficiency.

Recognizing the inadequacy of assessing the toxic properties of synthetic materials
through a singular method, and to mitigate ethical concerns regarding human and extensive
animal testing, we conducted a comprehensive evaluation of the toxicity of aqueous extracts
of microplastics on both plant and animal test organisms, including frozen bull semen,
alongside analyses of organic matter migration into the aquatic environment.

Germination experiments with Hordeum vulgare L. seeds revealed phytotoxic effects
of water extracts from PS, PET, PP, and PE microplastics, particularly for the 0.175 mm
fraction. The 0.3 mm fraction of PP and PE, the 1.0 mm fraction of PS, the 2.0 mm fraction
of PE, and the 3.0 mm fractions of PP and PE significantly reduced various physiological
indices of barley. Phytotoxicity manifested as inhibited growth and seed rot. No significant
differences in phytotoxicity were observed among the different microplastic types.

Genotoxicity studies demonstrated a significant increase in the frequency of aberrant
cells and chromosomal aberrations in barley apical meristem cells exposed to aqueous
extracts of all microplastic types (PS, PET, PP, and PE), with smaller fractions exhibiting
more pronounced effects. The 0.175 mm fraction increased the frequency of aberrant cells
and chromosomal aberrations by 3.32 and 3.84 times, respectively, compared to the control.
Similar increases were observed for the 0.3 mm and 1 mm fractions. PET microplastics,
especially in the 2 mm and 3 mm fractions, also exhibited significant genotoxicity. The
spectrum of chromosomal aberrations was broad, encompassing deletions, multiple breaks,
centric rings, polyploidy, chromosomal bridges, and lagging chromosomes, and was in-
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dependent of microplastic type or size. In terms of decreasing genotoxicity, the order was
PET > PS > PE > PP.

No significant skin irritation was observed from aqueous extracts of any microplastic
type or size. The assessment of bovine semen motility revealed increased toxicity with
increasing polymer complexity, regardless of particle size within the 0.175–3 mm range.
The mean motility reduction was 6.52% for PS, 5.02% for PET, 4.64% for PP, and 2.16% for
PE, indicating a toxicity order of PS > PET > PP > PE.

While phenol migration from microplastics was within permissible limits in Kaza-
khstan, formaldehyde migration exceeded limits for all microplastic types and sizes.
Formaldehyde migration increased with decreasing particle size, with the highest lev-
els observed for PET, followed by PP, PE, and PS.

These findings suggest that both particle size and polymer structure influence mi-
croplastic toxicity. Smaller particles with larger surface areas facilitate the leaching of
non-covalently bound chemicals into the aqueous phase. The discrepancy in toxicity rank-
ings across different experiments indicates that factors beyond formaldehyde migration
may contribute to the observed toxic effects and warrant further investigation.

Based on these findings, several recommendations emerge. Policymakers should
implement stricter regulations on microplastic pollution in water bodies and invest in
advanced water treatment technologies. Additionally, regulatory limits for water pipes and
plastic containers should be reevaluated to account for the potential release of hazardous
compounds like formaldehyde.

This study provides a foundational understanding of the toxicity and mutagenicity
of aqueous microplastic extracts. While human exposure was not directly assessed, the
results can inform predictions of human health impacts. Future research should quantify
the toxic risks associated with chronic microplastic ingestion, identify safe exposure limits,
and investigate the potential carcinogenicity of these particles. Moreover, future studies
should expand the scope to include a wider range of microplastic types, long-term exposure
assessments, and the combined effects of multiple contaminants.
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Administered Microplastic Particles in Adult Male Wistar Rats. Toxics 2024, 12, 167. [CrossRef] [PubMed]

50



Water 2024, 16, 3250

32. Blackburn, K.; Green, D. The potential effects of microplastics on human health: What is known and what is unknown. Ambio
2021, 51, 518–530. [CrossRef] [PubMed]

33. Xu, J.L.; Lin, X.; Wang, J.J.; Gowen, A.A. A review of potential human health impacts of micro- and nanoplastics exposure. Sci.
Total Environ. 2022, 851, 158111. [CrossRef] [PubMed]
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Abstract: Microplastic (MP) pollution in agricultural ecosystems is an emerging environmental
concern, with limited knowledge of its transport and accumulation in rural waterbodies. This study
investigates the distribution and sources of MP in drainage ditches influenced by pond connectivity,
land use, and soil properties within a small catchment in Nanjing, East China. Sediment was
collected from ditches in 18 sites across forest, agricultural, horticultural, and urban areas. Using
laser-directed infrared spectroscopy (LDIR), 922 MP particles were identified. Six materials were
dominant: fluororubber (FR), polyethylene terephthalate (PET), polyurethane (PU), acrylonitrile
(ACR), chlorinated polyethylene (CPE), and polyethylene (PE). MP concentrations varied by land
use and pond connectivity, with ditches above ponds exhibiting higher counts (1700 particles/kg)
than those below (1050 particles/kg), indicating that ponds act as MP sinks. The analysis revealed
site-specific MP sources, with FR linked to road runoff and PET associated with agricultural practices.
Correlations between MP shape and soil properties showed that more compact and filled shapes
were more commonly associated with coarser soils. PE particle size was negatively correlated with
organic matter. This study highlights the need for targeted strategies to reduce MP pollution in rural
landscapes, such as reducing plastic use, ditch maintenance, and improved road runoff management.

Keywords: microplastics; drainage ditches; ponds; environmental pollution; microplastic shape
parameters

1. Introduction

The presence of microplastics (MP), i.e., plastic particles of a size below 5 mm, in
the environment has gained significant attention, particularly in the last decade [1,2].
MP pollution poses various environmental risks. MP particles have been shown to be
ingested by marine and freshwater fish, invertebrates, and zooplankton, which leads to
them consuming less natural prey, with negative effects on their growth, reproduction,
and survival [3–5]. Similar effects have been observed in terrestrial habitats, where MP
pollution negatively affected springtails, nematodes, and earthworms [6,7]. Negative
effects on plants and photosynthetic organisms have been found in aquatic and terrestrial
environments [8,9]. Through ingestion by plants and animals, MP particles move up the
food chain and can eventually be consumed by humans. Other human exposure modes to
MP pollution are food, bottled water, and even air [10]. MP has been discovered in various
human body tissues and may cause adverse health effects from inflammatory reactions
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and disturbed gut microbiota to autoimmune reactions [11,12]. Furthermore, MP particles
interact with other pollutants in water and soil [13,14] and can alter bacterial communities,
potentially affecting antibiotic resistance in human and animal pathogens [15,16].

Many human activities introduce MP into the environment from both point sources,
including industrial production and waste disposal, and non-point sources, ranging from
cosmetics, fabrics, and agriculture to road traffic. The specific combination of MP sources
depends on the respective environment [17,18]. The type of MP (material and shape) allows
for the estimation of the source of the particles [19]. MP transport and accumulation are
two closely related processes that dynamically interact with each other [20–22]. Depending
on size and material, MP transport from the source occurs through different vectors. Small
MP particles can be transported by wind [23] and are dispersed in the soil by biota [24].
Most MP particles are carried by moving water, either mixed with sediments or floating in
the water [25,26]. To tackle the environmental and health-related issues caused by MP, it is
necessary to better understand MP sources and transport and accumulation processes [27].

In rural areas, agriculture is a significant source of MP in terrestrial and aquatic
ecosystems [28]. MP is introduced into the environment through agricultural practices,
including the use of biosolids, mulching films, and other agricultural plastics, which
are often left to decay in the soil [29,30]. Despite recent progress in investigating MP
in different environments, the behavior of MP in agricultural systems remains poorly
understood [31,32]. The amount and mobility of MP in agricultural fields depend on a
series of factors, including MP properties, soil properties, and farming activities [33]. While
research has shed light on these individual contributors to MP presence in the agricultural
context [34,35], the comprehensive understanding of how these factors interact remains
limited. Current studies often isolate variables, neglecting the complex, interconnected
dynamics that characterize agricultural ecosystems. MP transport in agricultural fields
occurs along with eroded soil in surface runoff, wind transport, and soil biota [36], leading
to their subsequent movement into ditches and ponds, primarily via surface runoff [17,37].

Rural ponds and drainage ditches are two widespread types of waterbodies in the
agricultural areas of East China. Rural ponds are used for water storage and low-intensity
food production and are often vital to everyday countryside life, local hydrology, and
agriculture [38]. The quality of rural pond water has been directly linked to the source and
volume of inflowing water, the effects of the surrounding landscape [39], and agricultural
land cover [40]. MP in the water and sediment of ponds may harm populations using the
water for irrigation or consuming food grown in the ponds [41], highlighting the need to
improve the understanding of MP transport and accumulation processes [27]. Previous
MP studies in ponds mainly focused on those used for crab and fish farming [42,43]. How-
ever, very little is known about MP in the much more common rural ponds, leading to
shortcomings in understanding the role of these ponds in the transport and accumulation
processes of MP. Drainage ditches have been shown to serve as pathways for transporting
phosphorus, nitrogen, herbicides, and heavy metals [44,45]. Previous studies linked pollu-
tant transport in ditches to management practices, catchment properties, and hydrological
connectivity [46–49]. This study investigates the distribution and sources of MPs within a
small agricultural catchment in East China, examining how connectivity with rural ponds
and factors such as land cover, soil properties, and agricultural activities influence MP
concentrations in ditch sediments. By integrating these factors, the study aims to provide a
more comprehensive understanding of MP transport and accumulation in rural waterbod-
ies, addressing the knowledge gap regarding the interactions between ditches, rural ponds,
and the surrounding landscape in MP pollution dynamics.

2. Materials and Methods

2.1. Study Site

The research catchment is situated east of Nanjing, in Jiangsu province, China (Figure 1).
It is part of the western end of the Tangshan Mountain area. The catchment covers an
area of 20.3 km2, of which 76% is forest, 7% is water, 7% is built-up (urban and paved
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areas), 5% is grassland or range, and 5% is agricultural land [manual classification]. In a
preliminary GIS study, all landscape elements in the research area have been identified
using a manual classification of Sentinel-2 imagery. The resulting dataset contains all the
research area’s water bodies, villages, roads, and other relevant elements. Most of the
water area is concentrated in two large reservoirs in the northern and southern parts of
the research area. The mountains form a U-shape around the study area, providing a
demarcation that can potentially minimize the introduction of external materials through
wind transport and other mechanisms.

 

Figure 1. A land cover map of the research area, the sample sites, and an indication of its position
near Nanjing. Label color indicates the different sampling complexes.

2.2. Microplastic Sampling

The sample sites were organized into eight complexes based on location and hydro-
logical connection (Table 1). Complex 1 included Site 1, located in a forested area with no
pond connection. Complex 2 comprised Site 2.1 in an agricultural area and Site 2.2 in a
horticultural area, both without pond connections, representing typical agricultural and
horticultural land covers. Complex 3 included Site 3.1 in a forested area with an “Above”
pond connection and Site 3.2 in a forested area with a “Below” pond connection, allowing
for assessing pond connection influence in forested settings. Complex 4 consisted of Site
4 in an urban area with no pond connection, representing urban land cover. Complex 5
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included Site 5 in a horticultural area without a pond connection. Complex 6 was more
diverse, with Site 6.1 in a horticultural area with an “Above” pond connection, Site 6.2
with a “Below” pond connection, Site 6.3 with an “Above” pond connection, and Site 6.4
without any pond connection, allowing for a detailed comparison within horticultural
settings. Complex 7 included multiple agricultural sites with varying pond connections:
Site 7.1 with an “Above” pond connection, Site 7.2 with a “Below” pond connection, Site
7.3 with a “Below” pond connection, Site 7.4 with an “Above” pond connection, Site 7.5
with a “Below” pond connection, and Site 7.6 with an “Above” pond connection. This
complex enabled the assessment of MP contamination in agricultural areas with different
pond connections. Lastly, Complex 8 included Site 8 in an urban area without a pond
connection, providing another urban comparison point.

Table 1. The complexes with their associated sample sites, as well as the land cover type and pond
connection of each sampling site.

Complex Site Land Cover Pond Connection

1 1 Forest None

2
2.1 Agriculture None
2.2 Horticulture None

3
3.1 Forest Above
3.2 Forest Below

4 4 Urban None
5 5 Horticulture None

6

6.1 Horticulture Above
6.2 Horticulture Below
6.3 Horticulture Above
6.4 Horticulture None

7

7.1 Agriculture Above
7.2 Agriculture Below
7.3 Agriculture Below
7.4 Agriculture Above
7.5 Agriculture Below
7.6 Agriculture Above

8 8 Urban None

At each of the 18 sample sites, five samples were extracted 1 m apart along the ditch
bottom using new disposable wooden spoons. The sample was collected from the top
centimeter of the sediment. The five samples for each site were then mixed in a glass tube,
which was immediately sealed with aluminum foil.

2.3. MP Identification

An MP extraction methodology suitable for the research questions was applied to
the ditch and pond sediments [50–52]. Non-plastic consumables and equipment were
employed throughout the experiment. Utilized glass and metal items were washed with
ultrapure water produced by Milli-Q SQ2 (Millipore, Merck KGaA, Darmstadt, Germany)
and dried in an infrared fast drying box WA70-1 (Hangzhou Qiwei Instrument Co. Ltd.,
Hangzhou, China). Items were stored in a sealed glass box before use. Working surfaces
were wiped down regularly with paper towels and ethanol alcohol, and cotton coats were
worn by everyone handling the samples. Windows and doors were closed during sample
handling to reduce air circulation in the laboratory.

Exactly 20 g of soil sample was combined with 60 mL of ZnCl2 solution (1.7–1.8 kg/L)
in a 100 mL beaker, stirred for 10 min, and left to stand overnight to aid in the flotation
of MP by increasing the solution’s density. Subsequently, the mixture was transferred to
a new beaker, and 60 mL of 30% hydrogen peroxide (H2O2) was added to digest organic
impurities. After thorough mixing, the solution was left for 24 h to allow a complete
reaction of H2O2 with organic materials. The supernatant underwent vacuum filtration,
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and the filter membrane (0.22 μm polytetrafluoroethylene membrane) was subjected to
30 min of ultrasonication at 40 KHz in a JP-060S ultrasonic machine (Shenzhen Jiemeng Co.,
Ltd., Shenzhen, China) in ethanol to disperse adhered substances. After ultrasonication, the
filter membrane was repeatedly rinsed with ethanol, and the solution was concentrated in
the drier. The solution was then dripped on highly reflective glass slides (MY2108LD34 by
Agilent Technologies Ltd., Santa Clara, CA, USA). The extracted particles were identified
using laser-directed infrared spectroscopy (LDIR) utilizing an Agilent 8700 LDIR machine
(Agilent Technologies Ltd., Santa Clara, CA, USA) with a 20–500 μm detection range.
LDIR imaging combines infrared spectroscopy principles with high-resolution imaging
capabilities, allowing for visualization of the spatial distribution of chemical compositions
within the sample. This method maps heterogeneous samples with high sensitivity and
spatial resolution, making it particularly useful in MP studies [53,54]. LDIR enables the
counting of MP particles in a sample and the determination of the type of plastic of
each particle, which is invaluable for estimating the source and transport path of the MP
particles. MP particles with a match score of >0.65 were included in this study, consistent
with established methodologies [55–58]. The MP counts were calculated as the MP particle
count per kilogram, i.e., p/kg [59].

2.4. Physical and Chemical Sediment Analysis

Soil particle size distribution was determined using the Mastersizer 2000 laser particle
size analyzer (Malvern Panalytical, Malvern, UK) [60]. First, to remove organic matter,
approximately 0.5 g of soil sample was placed in a 150 mL glass flask and was pre-treated
with 10 mL H2O2 (10%) on a heating plate under continuous washing of the flask wall to
prevent foam from sticking to it. If necessary, additional H2O2 was added until no reaction
was visible. This was followed by a treatment with 10 mL hydrochloric acid (HCl, 10%) at
50 ◦C to eliminate carbonates. Distilled water was added to reach a neutral pH, and the
flask was left to stand for 24 h, after which the clear liquid was siphoned off. The remaining
sample was then dispersed using 10 mL of sodium hexametaphosphate (1 mol/L) and
treated for 10 min in the ultrasonic cleaning device. Then, the sample was analyzed using
the laser particle size analyzer at a refractive index of 1.52. For the analysis, soil particle
size classes D10, D50, and D90 were used. Each describes a diameter bigger than 10%, 50%,
or 90% of the particles in the sample, respectively.

Dried soil sample was used for the determination of total organic carbon (OC). To
remove inorganic carbon (IC), 10% HCl was added to the soil sample, and phosphoric
acid was slowly added until there was no visible reaction. After the inorganic carbon
was removed, the sample was analyzed using a Total Organic Carbon Analyzer TOC-L
(Shimadzu, Kyoto, Japan). The soil’s organic matter was combusted at 900 ◦C inside the
TOC-L, converting it to carbon dioxide (CO2), which was then carried by high-purity
oxygen gas and detected using a non-dispersive infrared (NDIR) detector inside the TOC-L.
This method ensured the accurate measurement of the total organic carbon content in the
soil [61].

Organic nitrogen was calculated following the Kjeldahl methodology [62], which
involves determining total nitrogen (TN) and subtracting the measured inorganic forms of
nitrogen, i.e., nitrate and ammonium, from the total nitrogen content. For the determination
of total nitrogen (TN), 0.5 g of air-dried soil (sieved to 0.25 mm) was placed in a Kjeldahl
digestion flask (Foss Analytics, Hillerød, Denmark). After wetting the sample with a small
amount of water, 4 mL of pure sulfuric acid (H2SO4) was added, and the mixture was
left to soak overnight. The following day, 0.5 g of pentahydrate sodium thiosulfate was
added, and the sample was heated until smoke appeared. After cooling, 1.1 g of a catalyst
composed of potassium sulfate, copper sulfate pentahydrate, and titanium dioxide was
added and mixed. The digestion continued until the mixture turned gray, and then it was
further digested for 1 h. The digestion flask was connected to a Kjeldahl nitrogen analyzer
Foss Kjeltec 8100 (Foss Analytics, Hillerød, Denmark), and the distillate was absorbed in
20 mL boric acid solution (323.47 mmol/L). After distillation, the distillate was titrated
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using standard hydrochloric acid solution, and the total nitrogen content was calculated
based on the amount of acid consumed.

For nitrate nitrogen (NO3
−-N) determination, 50 g of soil (sieved to 2 mm) was placed

in a 500 mL bottle, and 0.5 g calcium sulfate and 250 mL of water were added. The bottle
was then shaken for 30 min. Afterward, 25 mL of the sample solution (SS) was placed in
an evaporating dish, and 0.05 g of carbonate was added. The solution was evaporated to
dryness in a water bath, and after cooling, 2 mL of disulfonic acid reagent (1.18 mol/L)
was added. The solution was stirred to ensure full contact with the dried material, then left
to stand for 10 min. Afterward, 20 mL of water was added, and the mixture was stirred
until all the dried material dissolved. While stirring, 3.71 mol/L ammonium hydroxide (1:1
ammonia solution) was slowly added until the solution became slightly alkaline (turning
yellow), and an additional 2 mL of ammonia was added to ensure excess. The solution was
transferred into a 100 mL volumetric flask and diluted to the mark. The nitrate nitrogen
concentration was measured using a UV1800 UV-Visible Spectrophotometer (Shanghai
Jinghua Science & Technology Instruments Co., Ltd., Shanghai, China) at a wavelength of
420 nm.

For ammonium nitrogen (NH4
+-N) analysis, 5 mL of SS was transferred into a 50 mL

volumetric flask and diluted to 10 mL with potassium chloride solution (2 mol/L). Then,
5 mL of phenol solution (10 g phenol and 100 mg sodium nitroprusside dissolved in water,
diluted to 1 L) and 5 mL of alkaline sodium hypochlorite solution (10 g sodium hydroxide,
7.06 g disodium hydrogen phosphate, 31.8 g sodium phosphate dissolved in water with
10 mL of 705.25 mmol/L sodium hypochlorite solution, diluted to 1 L) was added. The
mixture was shaken and left at room temperature (around 20 ◦C) for 1 h. After this, 1 mL
of a masking agent (40 g potassium sodium tartrate and 10 g disodium EDTA dissolved
in water, then mixed in equal parts) was added to dissolve any potential precipitate, and
the solution was diluted to the mark with water. The ammonium nitrogen concentration
was determined by measuring absorbance at a wavelength of 625 nm using the UV1800
UV-Visible Spectrophotometer.

2.5. Software and Data

Statistical analyses were performed in Python (version 3.9, Python Software Foun-
dation) and the statistical programming language R (version 4.3.1, R Core Team, Vienna,
Austria) in the RStudio environment (version 2024.04.1-748, RStudio, Boston, MA, USA).
ArcGIS (version 10.4, Esri, Redlands, CA, USA) was utilized to create maps. The digital
elevation model used for delineating the catchment area was the SRTM 90 m DEM [63–66].
Landcover classification was performed in ArcGIS using Landsat data (Landsat-9 image
courtesy of the U.S. Geological Survey).

3. Results

3.1. MP Distribution in the Research Area

In total, 922 MP particles from 31 different materials were identified from the sediment
samples (full data in Supplementary Table S1, exemplary LDIR scans in Supplementary
Figures S1–S4). The six most common materials were fluororubber (FR), polyethylene
terephthalate (PET), polyurethane (PU), acrylonitrile (ACR), chlorinated polyethylene
(CPE), and polyethylene (PE). Figure 2 shows the distribution of these six MP over the
research area (a) and the particle counts per site and material (b). The distribution of
microplastics across the study area showed significant (p = 0.028) variations based on
material type, as evidenced by the results from the different sites and complexes.
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Figure 2. (a) The MP particle composition of the six most common materials for all sample sites. The
diagram size indicates the overall MP count per site. (b) The data show the particle count for the six
most common materials for all sites.

FR was the most dominant microplastic overall and in several locations, particularly
at Site 1 (1150 p/kg) in Complex 1, a forested area. High FR counts were also observed at
Site 2.1 (1400 p/kg) in Complex 2, an agricultural area, and Site 6.2 (1100 p/kg) in Complex
6, a horticultural area. In contrast, FR was absent in Sites 3.2, 7.2, and 7.3, indicating
variability in its presence across different locations. Sites 7.1 (250 p/kg), 7.4 (300 p/kg),
and 7.5 (250 p/kg) in Complex 7 showed moderate levels of FR, while Site 8, an urban
area in Complex 8, contained 400 p/kg of FR. PET showed the highest counts in Site 6.4
(1550 p/kg) within Complex 6, a horticultural area, and Site 7.6 (1650 p/kg) in Complex 7,
an agricultural site. PET was also detected in smaller quantities across multiple locations,
including Sites 2.1 and 2.2 in Complex 2, Sites 3.1 and 3.2 in Complex 3, and Site 4 in
Complex 4, each with 100 p/kg. PU was found in notable amounts at Site 6.1 in Complex 6,
with 750 p/kg, and Site 8 in Complex 8, with 650 p/kg. PU was also present at Site 7.1 in
Complex 7 (350 p/kg), while smaller quantities were detected at other locations, such as
Sites 3.1 and 3.2 in Complex 3 and Sites 2.1 and 2.2 in Complex 2. PU was absent at Sites 7.4
and 7.5 in Complex 7. ACR was most prevalent at Site 7.1 in Complex 7, where 800 p/kg
were found. It was also present at Sites 3.1 and 3.2 in Complex 3, with 350 p/kg each,
and at Site 4 in Complex 4 (200 p/kg). Other sites, including Sites 2.1, 6.1, and 8, showed
smaller amounts of ACR. CPE exhibited notable concentrations at Site 6.1 in Complex 6,
with 950 p/kg, and at Site 6.3, also in Complex 6, with 700 p/kg. Other sites, such as 2.1 in
Complex 2 and 3.1 in Complex 3, had smaller amounts of CPE (550 p/kg and 200 p/kg,
respectively). CPE was absent at several sites, including Sites 7.4 and 7.5 in Complex 7. PE
was most abundant at Site 7.5 in Complex 7, where 1100 p/kg were recorded. PE was also
present at Site 8 in Complex 8 (450 p/kg) and Site 7.1 (150 p/kg). In contrast, many sites,
including 6.1 in Complex 6 and 7.4 in Complex 7, had no detectable PE particles.
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3.2. Microplastic Particle Count Clustering

A k-means clustering analysis was performed to identify similar distribution patterns
of different MP types. Acceptable clustering performances (measured by a silhouette score
of >0.6) were obtained from clustering FR and PET particle counts and CPE and PU particle
counts. Table 2 shows the clustering results for all 18 sampling sites.

Table 2. Clustering of FR/PET and CPE/PU particle counts for all sample sites.

Complex 1 2 3 4 5 6 7 8

Site 1 2.1 2.2 3.1 3.2 4 5 6.1 6.2 6.3 6.4 7.1 7.2 7.3 7.4 7.5 7.6 8
FR/PET H/L H/L L/L L/L L/L L/L L/L L/L H/L L/L L/H L/L L/L L/L L/L L/L L/H L/L
CPE/PU L/L H/H L/L L/L L/L L/L L/L H/H L/L H/H L/L L/L L/L L/L L/L L/L L/L L/L

Note: H = high, L = low, combination indicates which material is abundant at the respective site.

In the FR/PET clustering, most sites were grouped into either Cluster FR/PET_H/L
or Cluster FR/PET_L/L, with fewer sites falling into Cluster FR/PET_L/H. Cluster
FR/PET_H/L, characterized by high FR and low PET counts, included Site 1 and Site
2.1. At Site 1, located in a forested area, FR dominated with 1150 p/kg, while PET was
minimal (50 p/kg). Similarly, Site 2.1, in an agricultural area, had 1400 p/kg and only
100 p/kg PET particles. Cluster FR/PET_L/L represented sites such as 2.2, 3.1, 3.2, and
4, where both FR and PET were found in moderate to low concentrations. For instance,
Site 2.2 had 300 p/kg FR particles and 100 p/kg PET, while Site 3.1 and Site 3.2, located
in forested areas with pond connections, each had 100 p/kg PET but a smaller number
of FR particles (100 p/kg and 0 p/kg, respectively). Site 4, representing an urban area,
also showed low levels of both FR (300 p/kg) and PET (100 p/kg). Cluster FR/PET_L/H,
comprising Sites 6.4 and 7.6, exhibited the opposite pattern, with high-PET counts and low
FR counts. Site 6.4, a horticultural area, contained 1550 p/kg PET and 300 p/kg FR, while
Site 7.6, an agricultural site, showed 1650 p/kg PET and only 100 p/kg FR.

In the CPE/PU clustering, the sites were more evenly distributed between Cluster
CPE/PU_H/H and Cluster CPE/PU_L/L. Cluster CPE/PU_H/H, with higher concentra-
tions of CPE and PU, included Sites 2.1, 6.1, and 6.3. For instance, Site 2.1, located in an
agricultural area, had 550 p/kg CPE and 50 p/kg PU. Similarly, horticultural sites such as
6.1 and 6.3 displayed elevated levels of CPE and PU, with Site 6.1 having 950 p/kg CPE
and 750 p/kg PU. Cluster CPE/PU_L/L encompassed most other sites, including Sites
1, 2.2, 3.1, 3.2, and 4, which all had lower levels of CPE and PU. For example, Site 1 had
50 p/kg CPE and 300 p/kg PU, Site 2.2 had 100 p/kg CPE and 50 p/kg PU, and Sites 3.1
and 3.2 contained low quantities of both CPE and PU.

3.3. Interactions of MPs with Ponds

The distribution of MP in drainage ditches showed significant differences (p < 0.001)
depending on their connection to ponds, with differences observed between sites sam-
pled directly above ponds, below ponds, and those without significant pond connections
(Table 3). These variations offer insights into how ponds influence MP retention and
transport.

Table 3. Pond connection information for all sample sites.

Pond Connection Sites
Total MP Particle

Count
Average MP Count

per Site [p/kg]

Above 3.1, 6.1, 6.3, 7.1, 7.4, 7.6 204 1700
Below 3.2, 6.2, 7.2, 7.3, 7.5 105 1050
None 1, 2.1, 2.2, 4, 5, 6.4, 8 176 1250

Sites with “Above” pond connections generally exhibited higher MP concentrations
than those with “Below” pond connections or sites without pond influence. For example,
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Site 6.1 (horticulture, above a pond) displayed elevated levels of FR and CPE, with 500 p/kg
and 950 p/kg particles, respectively. Similarly, Site 7.6 (agriculture, above a pond) exhibited
a large amount of PET, with 1650 p/kg. The average MP count in these sites was 1700 p/kg,
indicating that ditches above ponds accumulated higher concentrations of MP. In contrast,
sites with “Below” pond connections, such as Sites 3.2, 6.2, and 7.2, showed lower MP
concentrations, particularly for FR. For instance, Site 3.2 (forest, below a pond) had no
detectable FR particles, and Site 7.2 (agriculture, below a pond) also showed an absence of
FR particles. The average MP count in these sites was lower at 1050 p/kg. Sites without
significant pond connections showed variable MP concentrations. For instance, Site 2.1
(agriculture, no pond connection) exhibited the highest concentration of FR (1400 p/kg),
while Site 6.4 (horticulture, no pond connection) had a notably high concentration of PET
(1550 p/kg). The average MP count in sites without pond connections was 1250 p/kg.

3.4. MP Relationship with Land Cover

The analysis showed a significant (p < 0.001) difference in the distribution of MP
types across different land cover types, indicating that land use considerably influences
MP distribution. The study examined four land cover types, consisting of agriculture,
horticulture, forest, and urban. The data revealed distinct patterns in the presence of
various MP types, including FR, PET, PU, ACR, CPE, and PE. Agricultural sites (e.g., 2.1,
7.1–7.6) exhibited notably higher concentrations of FR and PET, with FR counts reaching up
to 1400 p/kg at Site 2.1 and up to 1650 p/kg at Site 7.6. Horticultural areas (Sites 6.1–6.4)
also showed significant PET, PU, and CPE concentrations. In contrast, forested sites (1, 3.1,
and 3.2) generally had lower MP counts, although Site 1 had a relatively high concentration
of FR particles (1150 p/kg). Urban sites (4 and 8) exhibited a more diverse MP profile, with
notable counts of PU and PE.

3.5. MP Shape Parameter Relationship with Soil Properties

The analysis of the relationship between MP shape parameters and soil properties
revealed several statistically significant correlations (p < 0.05), highlighting potential as-
sociations between specific MP characteristics and soil features. Table 4 presents the ten
strongest correlations observed between MP shape parameters—such as solidity (a mea-
sure of how filled in or compact a particle is), eccentricity (a measure of the elongation of
the particle), circularity (a measure of how circular the particle is), diameter, area, width,
longest side, and height—and soil properties, including D90 (the particle size at which 90%
of the soil sample is finer), D50 (the median particle size), organic carbon (OC), and organic
nitrogen (ON). A full table of correlations is available in Supplementary Table S2.

Table 4. The ten strongest, statistically significant correlations observed between MP particle shape
parameters and soil parameters.

Material Shape Parameter Soil Parameter Coefficient

ACR
Solidity D90 0.58

Eccentricity D50 0.45
Circularity D90 0.42

PE

Diameter OC −0.39
Area OC −0.39

Diameter ON −0.39
Area ON −0.39

Width ON −0.38
Longest Side ON −0.38

PU Height D90 0.37

Among the strongest correlations, ACR showed a positive relationship between so-
lidity and the D90 soil particle size parameter (coefficient = 0.58). This suggests that MPs
with more compact and filled shapes are more commonly associated with soils containing
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larger particles. Similarly, ACR eccentricity and circularity were positively correlated with
D50 (r = 0.45) and D90 (r = 0.42), respectively, indicating that elongated and more circular
MPs are associated with specific soil texture characteristics. For PE, several shape param-
eters, such as diameter, area, and width, were negatively correlated with organic carbon
(r = −0.39 for diameter and area) and organic nitrogen (r = −0.39 for diameter and area;
r = −0.38 for width and longest side), implying that larger PE particles tend to occur in
soils with lower organic content. Finally, a positive correlation (r = 0.37) was observed
between PU height and D90, suggesting a relationship between PU particle height and
larger soil particles.

4. Discussion

4.1. Sources of MP Particles

The distribution of MPs across the study area revealed distinct variations that cor-
respond to different land use practices and local sources of pollution. These variations
highlight how the environmental context—such as urban, agricultural, or forested areas—
affects the prevalence of certain MP types with clear ties to human activities.

Rubber-based MPs like FR were predominantly found in areas affected by road traffic.
This is consistent with the observation that FR is commonly released through tire wear
during driving, which introduces MPs into the environment via road runoff and airborne
dust [67]. In forested areas near roads, this explains the high levels of FR, which may be
further exacerbated by industrial activities involving seals and gaskets [68]. These findings
suggest that proximity to roads and industrial zones significantly determines FR prevalence,
particularly in Complex 1. However, Complexes 4–7, although also bordered by roads,
show significantly lower levels of fluororubber. This discrepancy could be influenced
by several factors, including the distance from the road, the presence of barriers such
as drainage ditches, or local environmental conditions like wind patterns and rainfall.
These variations underscore the complexity of MP transport mechanisms and highlight
the need for further investigation into how such factors influence MP deposition. Polymer-
based MPs, including PET, PE, and CPE, show a strong association with both urban and
agricultural land use. PET particles are often linked to synthetic textiles, such as polyester,
which release fibers into wastewater during washing [69]. This pattern is particularly
evident in agricultural areas where synthetic textiles, plastic packaging, and agricultural
films contribute to PET contamination [70]. In Complexes 6 and 7, the abundance of
PET suggests significant agricultural use of plastic-based products, such as mulching
films and packaging, as well as wastewater pathways that introduce these MPs into the
environment [71]. Similarly, PE MPs, prevalent in urban environments, likely originate
from consumer products such as cosmetics [72] and the degradation of larger plastic items
like bags and packaging. PE in urban areas like Complex 4 underscores the importance
of plastic waste management in minimizing MP pollution. PE in cosmetic products and
packaging explains its widespread presence in urban and agricultural settings, reflecting
how everyday consumer products contribute to environmental contamination. PU plays a
different role in agricultural settings, particularly due to its use in pesticide microcapsules
and coatings [73]. The high levels of PU observed in Complexes 6 and 7 suggest that
agricultural practices involving pesticides and synthetic coatings are a significant source of
this MP. Additionally, PU is released by degrading materials such as synthetic leathers and
road markings, which can further contribute to pollution in nearby environments [74]. CPE,
often used in industrial applications like roofing membranes and hoses, is also associated
with agricultural and urban areas. The presence of CPE in Complexes 2 and 6 highlights the
impact of agricultural plastic materials and industrial runoff, where these products degrade
and release MPs into the surrounding environment [75]. Similar to PE, the degradation
of CPE through exposure to UV radiation and environmental factors contributes to its
persistence in terrestrial and aquatic environments [76]. Lastly, ACR MPs are commonly
linked to textile fibers, especially in areas with high human activity. The detection of ACR
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in both rural and urban areas suggests that these MPs are widespread due to atmospheric
deposition and runoff from synthetic clothing and coatings [77].

These findings show that MP pollution is highly context-dependent, with the type
and concentration of MPs varying significantly based on local sources. Furthermore, the
relatively high concentration of microplastics (MPs) in forest ditches points to the role of
these ditches as accumulation zones. While site selection aimed to minimize the influence
of adjacent areas, temporary hydrological connections between the forested ditches and
neighboring regions (e.g., agricultural fields, urban areas, or roads) may lead to runoff car-
rying MPs into these supposedly isolated areas. This suggests that even forested areas can
be affected by external sources of pollution, especially during certain environmental condi-
tions such as heavy rain. The clear connection between road traffic and FR concentrations
indicates the need for targeted mitigation efforts in locations near infrastructure. At the
same time, the prevalence of PET and PE in both agricultural and urban areas underscores
the impact of plastic use in everyday products and agricultural practices. Agricultural sites
are particularly affected by PU and CPE, likely due to their role in pesticides and indus-
trial products. This raises concerns about the long-term environmental impacts of these
materials, especially as they persist in the soil and can interact with other pollutants [73].
In urban areas, the diversity of MP sources—including consumer products, textiles, and
construction materials—highlights the complexity of addressing MP pollution. These
findings emphasize the importance of managing plastic use in urban and rural settings. By
understanding MPs’ specific sources and pathways, targeted strategies can be developed
to reduce their environmental impact, particularly in areas most affected by industrial,
agricultural, or urban activities.

4.2. MP Source Patterns

The clustering results highlighted distinct patterns in the distribution of MPs across
different land use types, demonstrating how source activities and transport processes
interact to shape MP presence in the environment. These patterns, characterized by specific
combinations of MP types such as FR, PET, CPE, and PU, provide insights into the complex
dynamics between sources, environmental conditions, and MP transport.

In Cluster FR/PET_H/L (high FR, low PET), the high FR concentrations reflect road
traffic’s significant role in introducing FR MPs into the environment [67]. The low PET
concentrations in these areas suggest that while road traffic is a dominant source of FR, it
does not contribute significantly to PET pollution. The transport of FR via runoff and its
retention in nearby soil or sediment further emphasize the role of roads as pathways for
this type of MP, particularly in forested areas like Complex 1. The relative isolation of these
environments from urban centers may also limit the introduction of PET from urban-related
sources like synthetic textiles and packaging. Conversely, Cluster FR/PET_L/H (low FR,
high PET) highlights the dominance of PET in agricultural and horticultural environments,
where synthetic textiles, plastic packaging, and agricultural films are common [69,70]. The
high PET concentrations in these areas, particularly in Complexes 6 and 7, point to the
influence of both local sources—such as agricultural plastics—and transport mechanisms,
including surface runoff from agricultural fields and wastewater pathways. The interaction
between PET sources and these transport routes creates an environment where PET is more
readily retained and accumulates over time. FR remains limited due to the absence of
substantial road traffic or industrial activity.

The CPE/PU clusters reveal further complexities in MP source and transport inter-
actions. Cluster CPE/PU_H/H (high CPE, high PU) predominantly features agricultural
and horticultural sites, such as Sites 2.1, 6.1, and 6.3 high in CPE and PU. These materials
are commonly used in products such as plastic membranes, hoses, and pesticide micro-
capsules [73,75], reflecting these sites’ management and use practices. These MPs likely
enter the environment through direct degradation and runoff, but local environmental
factors like sediment characteristics and water flow influence their persistence in the soil.
Agricultural practices that disturb the soil and alter water retention could enhance CPE
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and PU deposition and retention, contributing to higher concentrations in these areas. CPE
and PU in high quantities indicate how land use practices can co-locate different MP types
through shared transport mechanisms, such as irrigation runoff and agricultural drainage
systems. In contrast, Cluster CPE/PU_L/L (low CPE, low PU) represents areas with lower
agricultural and industrial activity, including forested and urban environments where these
materials are minimal, such as Site 1 and Site 4. These areas lack the direct sources of CPE
and PU, and the transport processes present—such as natural surface runoff in forests—are
less likely to carry and deposit these MPs. The absence of agricultural practices reduces the
pathways through which these MPs could be introduced and retained, resulting in lower
concentrations.

The clustering results emphasize how different MP source and transport processes
interact to create the specific source patterns observed in different environmental contexts.
These patterns are shaped not only by the presence of specific sources but also by the
environmental conditions and transport mechanisms that determine where and how MPs
are retained. These findings align with previous research showing that MP distribution
is highly influenced by both land use and the interaction of transport processes with MP
sources [22–25,37].

4.3. MP Interactions with Ponds

The results revealed that pond connections significantly influence the distribution and
retention of microplastics in drainage ditches. In sites with “Above” pond connections,
higher concentrations of MP, particularly FR and PET, were observed. These elevated MP
counts suggest that ditches above ponds accumulate MPs from upstream sources, such as
road runoff or agricultural inputs, and transport them toward ponds. The higher average
MP count (1700 p/kg) in these areas indicates that ponds serve as critical points where MPs
are likely to settle or be retained before entering downstream aquatic systems. In contrast,
sites with “Below” pond connections exhibited lower MP concentrations, especially for
heavier materials like FR. The absence of FR particles at Sites 3.2 and 7.2 suggests that ponds
act as sinks, effectively capturing heavier microplastics such as FR. This reduction in MPs
downstream of ponds aligns with findings from other studies, which have demonstrated
the role of ponds in filtering and retaining specific pollutants and materials in agricultural
landscapes [78,79]. The lower average MP count (1050 p/kg) in sites below ponds supports
the hypothesis that ponds play a significant role in MP retention. It is noteworthy here
that many MP particles have, depending on the material, a lower density than water [80],
causing them to be buoyant in water. Therefore, two processes of MP particle retention
in ponds are feasible. First, the weight of MP particles may be increased through biofilm
formation and aggregation with inorganic and organic matter [81,82]. This process may
already begin while larger plastic objects are breaking down in the soil, contributing to
the eventual formation of MPs. A second process of MP particle retention in ponds may
be the ingestion by fish and aquatic invertebrates [3–5] and adsorption and accumulation
in aquatic vegetation [83,84]. For sites without pond connections, the results were more
variable. While some sites, like 2.1, had high concentrations of FR, others, such as 6.4,
showed elevated PET levels. This variability suggests that microplastics are less likely to be
retained in the absence of ponds and may accumulate in ditches or be transported further
downstream.

This study reinforces the broader role of ponds in agricultural ecosystems, not merely
as passive water bodies but as active agents in reducing MP pollution. Ponds below ditches,
in particular, demonstrate their capacity to trap heavier MPs, thereby limiting the dispersal
of pollutants downstream. The contrast between “Above” and “Below” pond connections
reveals a clear dynamic, where ditches funnel MPs toward ponds, and the ponds, in turn,
significantly reduce the downstream movement of certain materials. This function of ponds
as retention zones is vital for developing strategies to mitigate the environmental impacts
of microplastic pollution in agricultural landscapes, echoing insights from related studies
on pollutant management [85–88].
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4.4. MP Interactions with Land Cover

Land use not only acts as a source of MP pollution but also influences the pathways
through which these particles are transported and accumulated. Different land use types
introduce various patterns of runoff, management practices, and human activities, all of
which affect how MPs enter and persist in the environment [89,90]. For instance, agricul-
tural and urban areas at Sites 4 and 7.1 may generate high volumes of runoff containing MPs
from fertilizers, plastics, and road materials. In contrast, forested areas, such as Complexes
1 and 3, may experience less direct contamination but still collect MPs from surrounding
infrastructure. These patterns are shaped by land use decisions, including water manage-
ment, soil conservation practices, and the intensity of human activity [91,92]. In this context,
land use becomes a multifaceted factor that contributes to the generation of MP pollution
and dictates how these pollutants move through and impact different ecosystems. The
significant variation in MP types across different land cover types observed in this study
aligns with findings from previous research [93,94], highlighting the role of human activity
not only in the initial sources of MP pollution but also in the fate of MP particles. These
results indicate the need for more sustainable agricultural practices that reduce reliance
on plastic-based materials. The horticultural sites 6.3 and 6.4, where PET, PU, and CPE
were more prominent, illustrate another case where plastic use, particularly in irrigation
systems, coverings, and pesticide containers, contributes to environmental contamination.
The frequent use of plastic-based products in these settings likely accounts for the higher
concentrations of these MPs, which could persist in the environment long after use. The
forest Sites 3.1, 3.2, and 1 typically had lower MP concentrations, but the high FR levels
at Site 1 suggest localized pollution, possibly from nearby road traffic. This highlights
how even remote or natural areas are not immune to MP contamination, especially when
close to infrastructure. Urban areas, with their varied MP profiles, reflect the complexity
of sources contributing to pollution. The elevated levels of PU and PE at Site 8 suggest a
mixture of inputs. This diversity of MP types in urban environments underscores the need
for better waste management strategies and infrastructure to mitigate plastic pollution.
The findings suggest that land use is critical in determining the type and concentration of
MPs in the environment. These insights can inform targeted mitigation strategies based on
specific land use practices and associated risks to reduce MP pollution.

4.5. MP Shape Parameter Interactions with Soil Properties

The correlations observed between MP shape parameters and soil properties provided
valuable insights into potential relationships, although these findings do not imply causality.
The strong positive correlation between ACR solidity and soil particle size (D90) suggests
that more compact and filled ACR particles may preferentially accumulate in coarser
soils. This relationship could indicate that the soil’s physical structure affects the retention
or movement of MP particles with simpler, more solid shapes. Similarly, the positive
relationships between ACR eccentricity and circularity with soil particle size parameters
(D50 and D90) suggest that elongated or circular MPs may persist in soils with specific
textures, perhaps due to the interactions between soil particles and the shape of the MPs.
Elsewhere, the reduced mobility and increased retention of larger MP particles in soils have
been demonstrated [95,96]. The negative correlations between PE particle size parameters
(e.g., diameter, area, width) and organic content (both organic carbon and nitrogen) suggest
that larger PE particles are less likely to be found in soils with higher organic content. This
may be due to the ability of organic matter to better retain smaller particles. Other studies
have found a strong effect of OC on MP particle sorption [97]. Alternatively, organic matter
may be associated with different sources or behaviors of MPs in the soil, leading to a lower
prevalence of larger MP particles in organic-rich environments. Microplastic has even been
demonstrated to bond with OC aggregates [98]. The positive correlation between PU height
and D90 indicates that longer PU particles are more likely to be associated with larger soil
particles. This could suggest that PU particles behave differently in coarser soils, potentially
influenced by the soil structure, water movement, or other factors affecting MP retention
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and movement. However, since these correlations point to relationships rather than causal
mechanisms, further research is needed to explore the underlying processes driving these
associations. Understanding how soil properties interact with MP characteristics is critical
for predicting MP behavior in different environments and could inform more effective
management practices for mitigating MP contamination.

4.6. Limitations

This study offers insights into microplastic (MP) distribution and sources in a small
agricultural catchment in East China, but some limitations should be noted. The limited
scope of sample sites may affect the generalizability of our results to regions with different
environmental conditions or land use practices. Furthermore, the sampling methodology
focused only on the top 1 cm of sediment, which may not capture the full vertical distri-
bution of MPs, especially in areas with high sedimentation rates. Additionally, temporal
variability was not considered, as samples were collected at a single time point. Seasonal
changes and varying agricultural practices could influence MP concentrations over time.
Lastly, MP particles in environmental samples undergo aging processes, often contain
chemical additives, and need chemical treatment to be isolated. Therefore, similar studies
employing the same equipment for soil and sediment studies include particles with an
LDIR matching score of >0.65. This means there may be some uncertainty in the chemical
identification of particles within this range, potentially leading to misclassification.

5. Conclusions

This study provides critical insights into the distribution, sources, and transport
dynamics of MP in drainage ditches in an East China catchment. The findings show
significant variation in MP concentrations across different land uses, with agricultural and
horticultural areas contributing the highest levels of PET, PU, and CPE. In contrast, forests
and urban areas displayed a more diverse range of MP sources in this area. The influence
of pond connectivity on MP transport was evident from the analyses, and ponds seem to
act as sinks for certain MP. The specific processes associated with the accumulation of MP
particles in ponds, such as biofilm formation and adsorption by aquatic plants, require
further study. The analysis highlighted patterns, linking MP types to local sources such as
road traffic, agricultural machinery, and plastic use in farming practices. The correlations
between soil properties and MP shape parameters further suggest that soil composition
plays a role in the retention and mobility of MP in agricultural landscapes. The findings of
this study highlight the need for targeted management strategies to reduce MP pollution
in agricultural landscapes. One key implication for the research area is the importance of
improving agricultural practices, such as reducing the use of plastic materials in farming
(e.g., mulching films and plastic packaging) and promoting biodegradable alternatives.
Furthermore, the results showed that MP pollution is highly site-specific and dependent
on multiple factors, which still need intense study. Additionally, regular maintenance
of drainage ditches and rural ponds, including sediment removal, can help mitigate the
accumulation of MP. Road runoff management, particularly near agricultural areas, should
also be prioritized to minimize MP input from tire wear and industrial materials.
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Abstract: The fundamental existence of any living organism necessitates the availability of pure and
safe water. The ever-increasing population has led to extensive industrialization and urbanization,
which have subsequently escalated micropollutants and water contamination. The environmental
impact on various life forms poses a dire need for research in effective environmental management.
Versatile technologies involving multiple approaches, including physiochemical and biological biore-
mediation strategies, draw insights from environmental biology. Metabolic annihilation mediated by
microbes shows significant potential in the bioconversion of toxic micropollutants to tolerable limits.
Environmentally friendly, cost-effective, and sustainable strategies are envisaged for efficient environ-
mental protection. Phytoremediation technology, especially floating wetland treatments, facilitates
micropollutant elimination, landscape management, ecosystem conservation, and aesthetic enhance-
ment in diverse environments. The incorporation of nanomaterials in the bioremediation of toxic
micropollutants augments novel and innovative strategies for water pollution abatement. This paper
offers a novel strategy that combines nanomaterials to improve micropollutant degradation with
bioremediation techniques, particularly the creative application of phytoremediation technologies
like floating wetlands. Combining these techniques offers a novel viewpoint on long-term, affordable
approaches to reducing water pollution. Additionally, the review proposes a forward-looking strate-
gic framework that addresses the accumulation and refractory nature of micropollutants, which has
not been thoroughly explored in previous literature.

Keywords: micropollutants; toxicity; wastewater; floating wetlands; bioremediation

1. Introduction

Water is a natural resource on Earth, and its accessibility in a pure state is indispens-
able for human beings and other living creatures, as the concept of life is unimaginable
without it [1]. Increasing industrialization, urbanization, and the unchecked nature of
human activities are directly correlated with the release of hazardous substances, often
criticized as the foremost sources of pollution in aquatic ecosystems [2]. The controlled or
uncontrolled discharge of industrially contaminated wastewater introduces toxic agents
into groundwater, surface water, and subsurface soils [3]. The presence of dye pollu-
tants, pharmaceuticals, personal care products (such as plastic bottles, children’s toys,
cosmetics, toothpaste, detergents, and drugs like hormones, anti-inflammatory drugs,
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antiepileptics, statins, antidepressants, beta-blockers, antibiotics, and contrast agents), toxic
metals, volatile organic compounds, pesticides, and petroleum hydrocarbons in industrial
wastewater severely compromises the quality of drinking water and accumulates in the
food chain. This poses a severe threat to human beings and aquatic creatures, attracting
increasing scholarly attention [4–7] (Figure 1). A subclass of organic chemicals gradually
being detected in our water bodies has been categorized as emerging pollutants (EPs),
also known as “contaminants of emerging concern” or micropollutants (MPs) [8]. These
hazardous substances deplete water quality and gravely affect water for drinking and
domestic purposes. Recently, a United Nations report stated that purified and freshwater
availability is a worldwide issue and has become a challenge in the 21st century because
living organisms are not safe with contaminated water [9].

Figure 1. Various emerging pollutants and their negative effects on the ecosystem.

Emerging pollutants are divided into three main categories: the first includes newly
synthesized compounds released into the ecosystem. The second category comprises com-
pounds that have existed in the environment for a long time but are only recently being
recognized. The third category includes compounds that have been detected for a long
time, but their significant impact on the environment and human health has only recently
been documented, such as hormones [10,11]. These emerging pollutants fundamentally
alter human behavior, landscapes, water bodies, and demography through developing
technologies, microbial adaptation, climate changes, increased travel, and more [12]. Some
of these compounds cause endocrine disruption and are defined as exogenic agents that
interfere with the synthesis, secretion, transport, binding, or elimination of natural hor-
mones in the human body responsible for homeostasis, reproduction, development, and
behavior [13]. Furthermore, the presence of these compounds is responsible for many
internal and external diseases in living organisms, such as effects on embryo growth, sex-
ual differentiation, metabolism, reproductive system fluctuations, the sexually dimorphic
neuroendocrine system, endogenous steroid levels, diabetes, cardiovascular problems,
abnormal neuronal behavior, and obesity [14–17]. These emerging contaminants exten-
sively affect the atmosphere and pollute air quality and marine zones [18]. Due to the
high accumulation and persistence of heavy metals, ecotoxicological effects on non-target
organisms appear rapidly and pose severe threats to aquatic life [19]. The presence of toxic
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metals in fish has revealed tissue damage, pathological effects on blood cell indices, and
disrupted hormone regulation and enzymatic activities [20].

The low concentration of emerging pollutants in water bodies can cause severe effects
on humans, mammals, and beneficial flora and fauna, such as immune suppression, can-
cer, organ damage, and nervous system damage, potentially leading to death [21]. The
genotoxicity of textile dyes is considered a major source of long-term health injuries in
humans and other living organisms [22]. For example, Alaguprathana et al. [23] studied the
genotoxic effects of textile dye contaminants in Allium cepa root cells. The findings revealed
that the consumption of polluted Allium cepa caused chromosomal aberrations in humans.
Consequently, approaches for their practical and rapid degradation have become the pri-
mary focus of governments worldwide, academic research groups, and environmental
protection agencies. A wide range of remediation policies has been developed to efficiently
remove and eradicate these organic and inorganic toxic pollutants from wastewater and
other water systems. Various physical and chemical techniques, including adsorption,
sedimentation, degasification, filtration, aeration, chemical precipitation, flocculation and
coagulation, ion exchange, and ozonation, have been attempted to remove pollutants from
wastewater [24–28]. Although these approaches can perform smoothly for remediation
purposes, they are associated with various limitations and negative impacts, such as high
costs, production of secondary pollutants, use of toxic chemicals and solvents, inefficiency,
and time consumption [29–32].

However, researchers have been paying widespread and urgent attention to alter-
native approaches that are fundamentally smart, inexpensive, easy to handle, efficient,
greener, and environmentally friendly. Biological methods are considered relatively novel
and environmentally sustainable for the remediation of emerging pollutants from aquatic
systems [33]. In this approach, different microbial species such as bacteria, fungi, yeast,
algae, and archaea are developed for the remediation of contaminants from water systems.
These microbial species use pollutants as substrates to enhance their enzymatic machinery,
leading to the enzymatic breakdown of recalcitrant emerging pollutants into less toxic or
non-toxic compounds [4]. Additionally, microbial cell cultures, components, biomolecules,
and various plant extracts and seeds are utilized to synthesize sustainable nanoparticles [34].
These nanoparticles can serve as outstanding candidates in the biodegradation of differ-
ent pollutants by immobilizing and facilitating the extracellular synthesis of microbial
degrading enzymes and genes [35]. Nanoparticles are excellent adsorbents and catalysts
extensively applied in extreme environmental conditions in both laboratory and pilot-scale
studies due to their novel characteristics such as large specific surface area, modifiability at
various temperatures, customizable pore size, reduced interparticle diffusion width, and
diverse shapes [36].

In contrast to all the above conventional energy-intensive treatment technologies,
phytoremediation, which utilizes plant species for the removal of even lower concentra-
tions/dosages of pollutants in the aquatic system, is considered one of the most efficient,
environment-friendly, low-cost, easy-to-perform, and effective approaches. This method
offers engineering solutions including constructed wetlands and floating treatment wet-
lands [37]. In constructed and floating wetlands, plant materials uptake all pollutants from
the water and utilize them as nutrients, which then accumulate in the plant biomass [38].
Hence, the ultimate aim of this review is to provide new insights for the remediation of
emerging pollutants from different water systems and to understand the novel concepts
and interactions with microbial species, plant species, different solvents and chemicals,
physiochemical methods, and nanomaterials that are considered efficient facilitators for
environmental clean-up. Moreover, this review also elucidates the impact and mechanisms
of physical, chemical, and biological methods in the degradation of emerging pollutants
from wastewater, establishing a myriad of promising approaches for potential ecosystem
monitoring. This manuscript also highlights the cutting-edge methods for growing, gath-
ering, and effectively cleaning up various pollutants using microbes. This assessment
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explores the current advancements as well as how they might fit with the objectives of
global sustainability.

2. Biological Methods for Wastewater Treatment

The biological methods removed various emerging pollutants more efficiently. Using
biological methods aims to establish a system for effectively eliminating pollutants from
the contaminated environment [39]. Biological methods are widely utilized in both labo-
ratory and field-scale environments, and they are considered to be less expensive, more
efficient, reliable, and eco-friendly compared to physical and chemical treatments [40]. This
method applied normal cellular processes that depend on different microbial species such
as nematodes, bacteria, fungi, or other microorganisms involved in breaking emerging
pollutants [41] (Table 1). These toxic pollutants retarded the growth of microbial species.

Table 1. Source of microbial species and their degradation efficiency for wastewater treatment.

Name of
Emerging
Pollutant

Name of Microbial
Species

Source of
Isolation

Culture Conditions
Degradation
Efficiency %

References

Dyes
Pseudomonas

fluorescens, Bacillus sp.,
and Escherichia coli

Dye contaminated
soil

Temperature 30 ± 1 ◦C
Nutrient agar

Shaken 110 rpm
43, 15, 90 [42]

Azo dyes Enterobacter hormaechei
SKB 16

Textile-effluent-
polluted

soil

Temperature 37 ◦C
Nutrient agar

Shaken 115 rpm
98 [43]

Methyl red
Vibrio logei and

Pseudomonas
nitroreducens

Wastewater
Temperature 25 ◦C
Minimal medium
Shaken 110 rpm

65–82 [44]

Monoazo and
diazo dyes

Acinetobacter sp. and
Klebsiella sp. Activated sludge

Temperature 30 ◦C
Minimal medium
Shaken 120 rpm

80 [45]

Carmoisine Saccharomyces cerevisiae
ATCC 9763 Commercial

Temperature 30 ◦C
Yeast extract peptone

dextrose
Shaken 180 rpm

100 [46]

Copper, nickel,
manganese, cobalt,

and dichromate

Bacillus sp., Shewanella
sp., Lysinibacillus sp.,
and Acinetobacter sp.

Sludge
Temperature 30 ◦C

Luria broth medium
Shaken 120 rpm

90–100 [47]

Iron, copper, zinc,
cadmium,

manganese, nickel,
and lead

Bacillus sp. PS-6 Industrial
wastewater

Temperature 35 ◦C
Luria broth medium

Shaken 120 rpm
44.12–89.46 [48]

Nickel, chromium,
and textile dyes Lysinibacillus sp. Wastewater

Temperature 30 ◦C
Nutrient broth

medium
Shaken 150 rpm

70, 58, 82 [49]

Zinc, cobalt, nickel,
lead, copper,
chromium,

mercury, arsenic,
and silver

Rhodococcus sp.
AQ5-07 Oil-polluted soil

Temperature 10 ◦C
Tween-peptone agar

Shaken 150 rpm
80–100 [50]

Chromium, lead,
iron, cobalt, nickel,
manganese, zinc,

copper, and
aluminum

Agaricus bisporus Commercial Temperature 25 ◦C 80–98 [51]
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Table 1. Cont.

Name of
Emerging
Pollutant

Name of Microbial
Species

Source of
Isolation

Culture Conditions
Degradation
Efficiency %

References

Sulfamethoxazole
Escherichia coli JM109

and
Chlorella sorokiniana

Fish breeding tank Temperature 37 ◦C
Temperature 28 ◦C 54.34 [52]

Erythromycin Geobacter sp. and
Acetoanaerobium sp. Wastewater - 99 [53]

Sulfamethoxazole

Shewanella sp.
Alcaligenes sp.,

Pseudomonas sp., and
Achromobacter sp.

Wastewater Temperature 30 ◦C 85.1 [54]

Tetracycline
Shewanella sp., Bacillus
sp., and Pseudomonas

sp.
Seed sludge

Temperature 30 ◦C
Luria–Bertani medium

Agitation 150 rpm
95 [55]

Ciprofloxacin

Lactobacillus gesseri,
Enterobacter sp.,

Bacillus sp., Bacillus
subtilius, and

Micrococcus luteus

Hospital effluent
water

Temperature 28 ◦C
Luria–Bertani medium

Agitation 100 rpm
100 [56]

Tetracycline Bacillus velezensis
strain Al-Dhabi 140

Municipal soil
sludge

Temperature 37 ◦C
Minimal medium
Agitation 150 rpm

100 [57]

Triazophos,
methamidophos,
and carbofuran

Enterobacter sp. strain
Z1 Wastewater Temperature 37 ◦C,

pH 7 100, 100, 98.7 [58]

Fludioxonil

Betaproteobacteria sp.,
Chloroflexi sp.,

Planctomycete sp.,
Firmicutes sp.,

Empedobacter sp.,
Sphingopyxis sp., and
Rhodopseudomonas sp.

Fungicide
wastewater

Room temperature
Agitation 120 rpm 95.4 [59]

Chlorpyriphos,
oxadiazon, and
cypermethrin

Chlorella sp. and
Scenedesmus sp.

Contaminated
semiopen

photobioreactor

Temperature 25 ◦C
pH 7.5

Agitation 120 rpm
97, 88, 74 [60]

Deltamethrin,
cyfluthrin,

cypermethrin,
permethrin, and

lambda-
cyhalothrin

Enterobacter ludwigii Industrial
wastewater

Temperature 30 ◦C
Saline condition

pH 7
90 [61]

Allethrin Sphingomonas trueperi Wastewater sludge

Temperature 30 ◦C
pH 7.0

Inoculum
concentration

100 mg/L

93 [62]

Anthracene,
phenanthrene,

fluorene,
naphthalene,

pyrene,
benzo(e)pyrene,

benzo(k)fluoranthene,
and

benzo(a)pyrene

Ochrobactrum sp.,
Bacillus sp.,

Marinobacter sp.,
Pseudomonas sp.,

Martelella sp.,
Stenotrophomonas sp.,
and Rhodococcus sp.

Wastewater

Temperature 55 ◦C
pH 9

Agitation 150 rpm
Salt concentration

100 g/L

100, 100, 100, 100,
93, 60, 55, 51 [63]
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Table 1. Cont.

Name of
Emerging
Pollutant

Name of Microbial
Species

Source of
Isolation

Culture Conditions
Degradation
Efficiency %

References

Phenanthrene and
fluorene

Ochrobactrum
halosaudis strain

CEES1,
Stenotrophomonas
maltophilia CEES2,

Achromobacter
xylosoxidans CEES3
and Mesorhizobium
halosaudis CEES4

Red Sea saline
water and

sediment samples

Temperature 37 ◦C
pH 7 90 [64]

Naphthalene,
phenanthrene,
fluoranthene,
pyrene, total
petroleum

hydrocarbons, and
phenolic

compounds

Stenotrophomonas sp.
S1VKR-26

Polluted
Damanganga river

Temperature 37 ◦C
pH 7

Incubation time 7 days

93, 86, 92, 98.3,
72.33, 93.06 [65]

Petroleum
hydrocarbons

Paramecium sp.,
Vorticella sp., Epistylis
sp. and Opercularia sp.

Wastewater

Temperature 25 ◦C
pH 7

Incubation time
16 days

70 [66]

Crude oil, crude oil
alkanes, pristane,

and phytane

Pseudomonas sp. and
Bacillus sp.

Oil-polluted
sediment

Temperature 30 ◦C
pH 7

Incubation time
14 days

80.64, 76.30, 46.75,
78.23 [67]

Naphthalene Bordetella avium Petroleum refinery
wastewater

Temperature 30 ◦C
pH 7.5

Naphthalene
concentration 100 to

500 mg/L
Incubation time

10 days

100 [68]

In most cases, various mechanisms and co-metabolisms boosted the microbial species
and promoted the growth of microbial species and the degradation rate of pollutants from
the contaminated sites [69]. Apart from the application of microbial species, plants are
also considered superior agents which play a vital role in the clean-up of the environment,
more specifically known as phytoremediation [70]. Phytoremediation properties of plants
are highly beneficial for soil properties and the environment. The plants degrade parent
toxic compounds into less toxic products such as carbon dioxide, water, and ammonia,
which are further taken up by plants, improving the quality of soil, enhancing the growth
of plants, and increasing environmental sustainability [71,72]. In this paper, biological
treatment in two broad categories, microbial biodegradation and phytoremediation, have
been discussed.

2.1. Microbial Biodegradation of Emerging Pollutants

Chemical and physical treatments for removing emerging pollutants are extensively
applied and considered efficient technologies. However, these techniques are related to
severe drawbacks such as cost, efficiency, reliability, and production of secondary pol-
lutants [73,74]. So, biological treatment processes are more effective and are considered
an efficient approach for the clean-up of the environment. It is well known that the effi-
ciency of microbial species for various treatment processes primarily relies on the activity
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and interaction of microbial species and pollutant removal efficiency is correlated with
microbial species and their diversity [75] (Figure 2). The adoption of microbial species
strongly depended on their ability to transfer electrons from substrates to the anode. For
biological and environmental stability, different microbial species and their single and
mixed cells were isolated from various contaminated places, such as marine sediments,
wastewater, and polluted soil, and extensively applied to remove emerging pollutants from
the environment [76,77].

Figure 2. Schematic diagram of microbial degradation for the removal of pollutants. Source: Authors
own study, based on [75].

Ferreira et al. [78] isolated a bacterial strain from contaminated marine sediment,
and after physiochemical, morphological, and genetic identification, this strain showed
a remarkable resemblance to Bacillus thuringiensis. The capability of the bacterial strain
was tested for the degradation of various pesticides and polycyclic aromatic hydrocarbons.
Results of this study indicated that after 10 days of incubation, microbial strains could de-
grade 97.3% of polycyclic aromatic hydrocarbons, and for pesticides, the findings revealed
that approximately 78% was degraded after 11 days of culture. Recently, Li et al. [79] iso-
lated a manganese-oxidizing bacterium to remove ofloxacin from the aquatic environment.
Morphological and genetic findings showed that the bacterial strain revealed the highest
similarity to Pseudomonas sp. and was named the F2 strain. Results of the degradation
experiment demonstrated that bacteria could completely degrade ofloxacin with a con-
centration of 5 μg/L. The effective removal of the two most recalcitrant pharmaceutical
compounds, carbamazepine and diatrizoate, by using microbes was investigated in labora-
tory batch experiments. In this study, mixed microbial culture was initially isolated from
polluted soil and identified as Acinetobacter sp., Bacillus halodurans, and Pseudomonas putida
and their degradation efficiency against the pollutants was examined. Results of this study
revealed that after 12 days, mixed microbial culture could degrade 43.2% of diatrizoate
and 60% of carbamazepine with a concentration of 100 μg/L. This study concluded that
indigenous microbial species are a superior agent for removing emerging pollutants from
the contaminated environment [80].

For the degradation of microplastics from the polluted environment, Lwanga et al. [81]
obtained earthworms and identified them as Lumbricus terrestris. The degradation efficiency
of the earthworm was tested against low-density polyethylene and isolated bacteria from
the earthworm’s gut. Results showed that the bacteria isolated from the gut were Gram-
positive and showed a high resemblance to the phyla Actinobacteria and Firmicutes. The
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isolated bacteria were used to treat gamma-sterilized soil and low-density polyethylene
microplastics. The results of this study demonstrated that in the soil treated with bacteria
the size of microplastics was significantly decreased compared to the control soil. Recently,
the removal of the heavy metal cadmium and antibiotic sulfamethoxazole by bacteria was
studied. The novel bacterial species was screened from the polluted soil and identified
as Achromobacter sp. L3. The optimum conditions were set, and was it found that for
the degradation of sulfamethoxazole, this strain performed efficiently at a pH range of
6–8, temperature range of 25–30 ◦C, and initial concentration of sulfamethoxazole of
10–40 mg/L. The maximum removal rate was 91.98%. Meanwhile, the optimum conditions
for removing cadmium were pH 7–9, temperature 25–30 ◦C, and cadmium concentration
10–30 mg/L, and complete degradation was achieved. This study added valuable insights
into removing emerging pollutants from wastewater, polluted soil, and sediments [82].

In another study, for the remediation of total petroleum hydrocarbons, alkanes, and
polycyclic aromatic hydrocarbons by using mixed microbial cultures (Pseudomonas stutzeri
GQ-4 strain KF453954, Pseudomonas SZ-2 strain KF453956, and Bacillus SQ2 strain KF453961)
a microcosm experiment was carried out. Findings indicated a linear correlation between
the total petroleum hydrocarbons and alkane degradation rates. Moreover, this study
explained that the petroleum hydrocarbon-degrading microbial population measured
by the most probable number was significantly correlated with metabolic activity in the
biology assay [83]. The unique ability of microalgae to remove heavy metals and nutrients
(carbon, phosphorus, and nitrogen) from wastewater has drawn a lot of interest in the
past decade [84]. Oxygen-evolving organisms known as microalgae are able to absorb
significant amounts of nutrients (carbon, nitrogen, and phosphorus) from wastewater in
order to reproduce and grow [85]. They are mostly photoautotrophic organisms, making
efficient use of CO2 and sunlight. Additionally, depending on the energy and carbon sources
that are available in their surroundings, they can effectively display both heterotrophic
and mixotrophic modes [86]. They offer an additional choice because they are adaptable
in a variety of climatic and environmental circumstances, economically efficient, and
environmentally proficient for wastewater treatment [87]. Furthermore, the concentrated
biomass recovered from microalgae-based wastewater treatment systems can be utilized as
a biofertilizer or as a starting point for the synthesis of bioenergy [88].

Following a chemical adaption procedure, the degradation of sulfamethazine and
sulfamethoxazole at various concentrations by S. obliquus was evaluated. High removals
for high concentrations were observed (31.4–62.3% in 0.025–0.25 mg/L of sulfamethazine,
and 27.7–46.8% in 0.025–0.25 mg/L of sulfamethoxazole) [89]. One of the potential algal
strains for heavy metal biodegradation is Phacus sp. This strain is highly resistant to heavy
metals. Phacus spp. exhibited a 75.17% absorption rate of the heavy metal nickel (Ni) at a
concentration of 5 mg/L. Furthermore, the strain reduced the concentration of the heavy
metal aluminum (Al) by 19% from 9.94 mg/L. Moreover, the concentration of the heavy
metal lead (Pb) was decreased from 1 mg/L by 96.7 percent [90]. It has been established that
the green filamentous algae Cladophora sp. can degrade arsenic from water at quantities of
up to 6 mg/L, with incredible results. Because of their great sorption ability, they have been
demonstrated to be able to absorb arsenic in inorganic forms (like As III and As V), organic
forms (such methyl methacrylate and DMA), and arsenosugar forms [91]. Manganese (Mn)
from tainted water was remedied by Spirogyra sp. and Richeterella sp. When compared
to Spirogyra sp., the experimental investigation showed that Richeterella sp. had the best
capacity to accumulate [92]. The degradation of industrial metals such as Cd and Zn from
the brown alga Sargassum polycystum was investigated through optimization experiments.
Under optimal conditions, the highest removal efficiencies of Cd and Zn are 86.20% and
92.90%, respectively [93].

However, the removal of various pollutants using indigenous microbial species to
clean up the environment is considered an efficient method and supplying various kinds
of nutrients by biostimulation and bioaugmentation processes stimulates the microbial
species for the degradation of emerging pollutants [94,95].
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2.2. Installation of Floating Wetlands for Wastewater Treatment

Floating treatment wetlands are extensively applied and well known due to their func-
tional benefits, such as being highly efficient, easy to install, inexpensive, and ecofriendly
for treating polluted water [96]. They contain macrophytes developing in a floating struc-
ture that keeps the plant roots in direct contact with the effluent regardless of the water
flow variation over time, allowing the removal of pollutants by various processes [97].
The shoots and crowns of macrophytes develop at the water level while their roots are ex-
panded beneath the water column [98]. A dangling setup of roots, rhizomes, and supported
biofilm forms below the floating mat, which supplies a biologically active surface area for
biochemical processes and physical processes, such as filtering and entrapment of partic-
ulates [99] (Figure 3). Floating treatment wetland technologies are designed and applied
to remove various kinds of emerging pollutants from water, such as nutrients, petroleum
hydrocarbons, and pharmaceutical products [100]. More interestingly, the treated water
can be applied for irrigation purposes to crops and provide a sustainable and ecofriendly
approach which is beneficial for the long-term removal of contaminants with minimal
ecological involvement [101] (Table 2). To treat domestic sewage, constructed wetlands
were installed by applying macrophyte Typha domingensis Pers. For one year, the average
degradation of organic matter was investigated by chemical oxygen demand, 5-day bio-
chemical oxygen demand, and total suspended solids. The results of this study revealed
that 41% of nutrients and 31% of total phosphorus were removed efficiently. Finally, this
study concluded that investigating various parameters in the floating wetlands treatment
technique provides valuable data in enhancing the removal capability of macrophytes and
improving the quality of water bodies [102]. On a large scale, nutrients and agrochemicals
in the floating wetlands were removed for 16 weeks. Two different plant species (duckweed
and water hyacinth) were applied, and their growth parameters and climatic conditions
were measured. Five different pesticides, imidacloprid, thiacloprid, myclobutanil, chlor-
pyriphos, and dimethomorph, were used with the volumes of 0.75 mL, 0.63 mL, 3.3 mL,
0.31 mL, and 0.3 mL. In contrast, the volume of nutrients was 68.9 g, used in the tank
to pollute the water artificially. The results of this study showed that both plant species
could remove pesticides and nutrients in the ranges of 27.4% to 83.6% and 12.4% to 42.7%,
respectively [103].

Figure 3. Installation of constructed floating wetlands for wastewater treatment.
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Steroid hormones and biocides are considered emerging sources of pollution in the
urban environment, which are extensively applied and cause severe threats to living or-
ganisms in aquatic and terrestrial environments [104]. An integrated constructed wetland
system was recently installed to treat wastewater with steroid hormones and biocides.
The results of this study revealed that five kinds of steroid hormones and four biocides
could be detected within a constructed wetland system. The concentrations of the effluents
were 30.5 ± 1.25 ng/L to 105 ± 5.14 ng/L and from 63.4 ± 2.85 ng/L to 515 ± 19.7 ng/L,
respectively. By installing a floating treatment wetland system, 97.4% of steroid hormones
and 92.4% of biocides were removed from the wastewater efficiently [105]. Constructed
wetland systems are applied to remove a wide range of pollutants from the wastewater,
such as livestock wastewater, organic matter, nutrients, and metals called emerging pol-
lutants [106]. A microcosm of Phragmites australis was used to clean livestock wastewater
with 100 μg/L of enrofloxacin, ceftiofur, and two antibiotics commonly applied in the
livestock industry. Results of this study demonstrated that after 8 weeks of installation,
floating constructed wetlands could remove 90% of pollutants from the environment [107].
In another study, a constructed floating wetland system was built to remove various kinds
of pollutants, including petroleum hydrocarbons, from wastewater. The plant Typha latifolia
was grown for three months and various plant growth indexes, biofilm formation, and
degradation rate of pollutants were measured. Results of this study indicated that the
floating wetland mediated with the plant was able to remove petroleum hydrocarbon,
phenol, oil and grease, chemical oxygen demand, and total suspended solids within the
ranges of 45–99%, 99–100%, 70–80%, 45–91%, and 46–88%, respectively. Finally, this study
concluded that Typha latifolia is a superior candidate that could be further used to remove
other emerging pollutants from aquatic systems and save the diversity of living organisms
in water bodies [108].

Table 2. Application of potential plant species for remediation of emerging pollutants in wastewater.

Name of Pollutants Plant Species Water Matrix Degradation % References

Iron, nickel,
manganese, lead, and

chromium

Phragmites australis and Brachia
mutica Polluted river water 79.05, 91.4, 91.8, 36.14,

and 85.19 [109]

Ammonia, chromium,
and total ammonia

nitrogen
Chrysopogon zizanioides L. Industrial wastewater 40.29–50 [110]

Sewage and industrial
wastewater

Brachiaria mutica, Cannabis
indica, Leptochloa fusca,

Phragmites australis,
Rhaphiolepis indica, and Typha

domingensis

Ponds and industrial
wastewater 60 and 40 [111]

Hexavalent chromium Brachiaria mutica Industrial wastewater 53 [112]

Copper, nickel,
manganese, zinc, lead,

and iron
Phragmites australis Textile wastewater 77.5, 73.3, 89.7, 81, 70,

and 65.5 [113]

COD, TN, ammoniacal
nitrogen, nitrate
nitrogen, TP, and

phosphate ion

Canna sp. Synthetic wastewater 91.3. 58.3, 58.3, 92, 79.5,
and 67.7 [114]

COD, BOD, ammonia
nitrogen, and

orthophosphate
Cyperus sp. and Heliconia sp. Polluted fishpond

water
33.96, 29.41, 27.80, and

28.44 [115]

Nitrogen, phosphorus,
organic matter, and

coliform
Phragmites sp. Domestic wastewater 93, 100, 99.6, and 99.9 [116]
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Table 2. Cont.

Name of Pollutants Plant Species Water Matrix Degradation % References

COD, BOD, and TSS

Eichhornia crassipes, Eichhornia
paniculate, polygonum

ferrugineum, and Borreria
scabiosoides

Dairy wastewater 74.8, 86.4, and 84.8 [117]

Hydrocarbons, COD,
BOD, TOC, and phenol Phragmites australis

Diesel-oil-
contaminated

water

95.8, 98.6, 97.7, 95.2,
and 98.9 [118]

COD, BOD, colors, and
trace metals Phragmites australis Textile industry

wastewater 92, 91, 86, and 87 [119]

Oil, COD, and BOD Brachiara mutica and Phragmites
australis Oil field wastewater 97, 93, and 97 [120]

BOD, TSS, nitrogen and
phosphorus Carex virgata Domestic wastewater 100, 100, 93, and 93 [121]

Nitrogen and
phosphorus

Agrostis alba, Canna generalis,
Carex stricta, Iris ensata, and

Panicum virgatum
Nursery wastewater 59.6 and 64.7 [122]

TP, TSS, BOD, TOC,
turbidity, and DOC Juncus maritimus Saline wastewater 86, 82, 78, 55, 53, and 19 [123]

Total phosphorus (TP)
and total nitrogen (TN)

Pontederia cordata and Juncus
effusus Agricultural runoff 90 and 84 [124]

Phenolic compounds,
TOC, and TN

Cyperus alternifolius and
Vetiveria zizanioides Olive mill wastewater 98.8, 95.3, 82.7, and 98.8 [125]

Total nitrogen and total
phosphorus Iris wilsonii Municipal wastewater 57.6 and 46.7 [126]

Ammonium, BOD, TN,
TP, iron, lead, copper,

and nickel
Eichhornia crassipes Polluted lake water 97.4, 75, 82, 84.2, 62.5,

88.9, 81.7, and 80.4 [127]

BOD, COD, TN,
ammonium, nitrate,

phosphate, and sulfate
Spirodela polyrhiza Septage effluent

68.43, 64.29, 66.41,
81.87, 58.02, 60.48, and

64.45
[128]

3. Physiochemical Methods for Wastewater Treatment

Different strategies are involved in remediating hazardous substances in water. The
suitability of these techniques can be analyzed by various parameters such as the ability of
a method to remove toxic contaminants from wastewater to an acceptable level, the stability
and shelf life of the method, and, most importantly, its compatibility with the environment
and human resources [129]. Physiochemical approaches for the remediation of emerging
micropollutants in water matrices are mentioned in Table 3.

3.1. Physical Method
3.1.1. Sedimentation

This physical method is considered one of the most prominent for wastewater treat-
ment. The principle of this strategy is to disperse waste particles from the liquid based
on gravity and decrease the velocity of water, favoring the suspension of particles in mo-
tionless situations. After that, gravitational forces are used to separate the particles [130].
The efficiency of the sedimentation process depends on various parameters such as the
size of wastewater particles, their density, the velocity of subsidence, and the volume
of wastewater particles [131]. The water flow velocity plays a crucial role in removing
suspended solids. In the primary sedimentation process, the travel time of pollutants is
adjusted to be slower than the travel time of water. Suspended solids with low density
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or smaller size and greater density are efficiently removed in the primary sedimentation
process [132].

This technique is also highly effective against various pollutants, including antibiotic-
resistant bacteria and antibiotic-resistant genes. Anthony et al. [133] demonstrated the
removal of antibiotic-resistant bacteria and genes using three distinct plants in an experi-
ment. The study indicated that the primary treatment, which involves the remediation of
suspended solids, could have been more efficient, while the secondary treatment process
efficiently degraded antibiotic-resistant bacteria and genes. Furthermore, the sludge sedi-
mentation technique effectively removed antibiotic-resistant bacteria and genes in all three
plants [133]. An investigation was conducted to remove three different pollutants (phenolic
compounds, turbidity, and suspended solids) from wastewater using the sedimentation
process. The results revealed that sedimentation significantly reduced contaminant levels
by up to 75% and lowered chemical oxygen demand and discoloration by about 90% [134].
In another study, the same method was applied to remediate antibiotics from pharmaceuti-
cal wastewater through sedimentation. The results showed that color reduction, chemical
oxygen demand, and suspended solids were reduced by approximately 97.3%, 96.9%, and
86.7%, respectively, under optimal conditions [135]. Recently, Zhou et al. [136] developed
a novel wastewater treatment method that combines chemically enhanced primary sedi-
mentation with acidogenic sludge fermentation. This novel sedimentation technique not
only recovers valuable resources like phosphorus and organics but also efficiently removes
various pollutants in sewage sludge under laboratory conditions.

3.1.2. Degasification

In this method, the exclusion of suspended harmful gases and biological nutrients is
achieved through physical methods, a process known as degasification [137]. The effec-
tiveness of degasification depends on factors such as the temperature of the wastewater
solution, the volume of the tank, ultrasonic power, and their frequency [138]. Degasification
membranes have been widely utilized for removing various toxic gases from wastewater,
offering an efficient alternative to vacuum towers, forced draft deaerators, and oxygen
scavengers across multiple sectors including microelectronics, pharmaceuticals, power gen-
eration, food and beverages, photography, ink production, and analytical industries [139].
For instance, in the removal of CH4 from water, a degassing membrane was used in
conjunction with granular sludge for anaerobic wastewater treatment [140].

A study conducted by Saidou et al. [141] investigated pH and airflow factors for the
removal of phosphorus gas. This study utilized the dissolved carbon dioxide degasification
technique, where precipitation occurred due to carbon dioxide and atmospheric air. Below
a pH of 6.5, no precipitation was recorded. Conversely, at pH levels above 6.5, phosphorus
elimination reached approximately 78%, with precipitation observed upon increasing the
airflow volume by about 25 L/min. In another study focusing on phosphorus removal
from animal manure wastewater, carbon dioxide degasification and a continuous U-shaped
bioreactor system were employed. The results indicated that without magnesium, the
remediation rate exceeded 50%, whereas in the presence of magnesium, phosphorus
removal ranged from 80% to 86% [142].

3.1.3. Filtration

There are two primary kinds of filtration processes used for wastewater treatment:
particle filtration and membrane filtration processes [143]. Filtration is essential in wastew-
ater treatment for removing solid contaminants up to several microns in size, and it
depends on parameters such as the size, texture, quantity, and density of contaminated
particles [144,145]. Membrane filtration is a highly complex method extensively used to re-
move various pollutants. It is often integrated with other physical, chemical, and biological
removal methods to enhance overall efficiency [146]. Direct membrane filtration systems
are compact, requiring a small footprint, and do not involve an additional activated sludge
process, thereby reducing energy consumption [147]. Recently, a study investigated the
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filtration method for removing organic matter, suspended solid particles, nutrients, and
pathogens from domestic wastewater. In this study, a pilot-scale reactor system with an
up-flow anaerobic sludge blanket operated at 19 ◦C for six hours of hydraulic retention
time. The results showed that the filtration reactor system effectively removed suspended
solid particles by 93%, reduced chemical oxygen demand by up to 87%, and decreased
fecal coliform levels by nearly 93% in the combined system. Furthermore, the study high-
lighted that combining the filtration system with an anaerobic reactor is a more efficient and
cost-effective method for removing toxic pollutants in developing countries [148]. Many
studies have concluded that wastewater treatment through filtration processes is effective
due to reduced time consumption, filtering water with lower concentrations of solids and
turbidity, and efficiently removing colloidal particles from liquid waste [149].

3.1.4. Aeration

The aeration technique involves bringing air and water into close contact for the
remediation of emerging pollutants [150]. This method utilizes air blowers in combination
with an air support system to supply oxygen to the aeration tank, facilitating the conversion
of pollutants into various non-toxic or less toxic compounds such as ammonia, water, and
carbon dioxide [151]. Another critical component is the pump system, supported by the air
system, which consumes over 70% of electricity in wastewater treatment processes [152].
Aeration has proven effective in removing toxic gases, heavy metals, and volatile organic
compounds and reducing odors [153]. Uggetti et al. [154] conducted a pilot-scale study
on the aeration method for wastewater treatment. The results demonstrated that under
anoxic and aerobic conditions, the aeration technique removed 66% of chemical oxygen
demand, 99% of ammonium, and 79% of total nitrogen. Continuous aeration further accel-
erated pollutant removal, achieving 99% removal of ammonium starting from an initial
concentration of 27 mg/L. The study highlighted the potential of intermittent aeration to en-
hance pollutant removal efficiency, offering new insights into energy and cost consumption.
Many studies have emphasized that aeration is the primary large-scale physical treatment
method for wastewater treatment, historically preceding chemical methods in efficiency
for removing nutrients from domestic wastewater [155,156]. Even biological wastewater
treatment in aerobic environments requires pure oxygen aeration [157]. Therefore, the
aeration technique stands out as a superior physical treatment widely applicable on an
industrial scale [158].

3.2. Chemical Methods
3.2.1. Adsorption

There are two kinds of adsorption processes: physical adsorption and chemical adsorp-
tion. In the physical adsorption process, van der Waals forces are applied to non-dependent
substrates to enhance the adsorbate concentration. In the chemical adsorption process, dif-
ferent chemical reactions occur between the adsorbate and adsorbent, stimulating covalent
and ionic bonding [159]. For the chemical process, adsorbents based on activated carbons
are extensively applied for the remediation of toxic metals due to their distinguishing
characteristics, such as well-established porous structures, large specific surface area, and
various functional groups [160].

Recently, two nanocomposites (kaolin and kaolin zinc oxide) were studied to remove
heavy metals, including chromium, iron, and chloride, and their chemical and biological
oxygen demands in wastewater were investigated. Different characteristics were analyzed
to optimize the batch adsorption experiment, including temperature, adsorbent concentra-
tion, and contact time. This study showed that the batch adsorption process significantly
removes the pollutants within 15 min. Specifically, the action of both composites resulted in
complete chromium degradation. In contrast, under similar conditions using only kaolin,
chromium removal was 78%, iron 91%, chloride 73%, and chemical and biological oxygen
demand were 91% and 89%, respectively [161].
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In another study, a biomass adsorbent was used to remove dye contaminants from
water. The adsorption capability of biomass such as graphene oxide aminated lignin
aerogels was compared with malachite green by investigating various parameters such
as pH, temperature, aerogel concentration, and contact time. The results of this study
demonstrated that after optimizing the adsorbents, they were responsible for removing
91.72% of dyes with the highest adsorption efficiency of 113.5 mg/g [162].

3.2.2. Chemical Precipitation

The chemical precipitation method is often used and considered one of the most
efficient techniques for removing different pollutants from wastewater, especially for
eliminating heavy metals [163]. A study was conducted to remove sulfide from petroleum-
refined wastewater using a chemical precipitation technique. Two coagulants, FeCl3·6H2O
and FeSO4·7H2O, were used as partial precipitants, along with coagulant aids, Ca(OH)2
and CaCO3. The results showed that when Fe3+ ions were used, sulfide removal ranged
from 62% to 95%, and chemical oxygen demand (COD) reduction ranged from 45% to 75%,
depending on the pH of the treated water. In contrast, the combination of Fe2+ and Ca(OH)2
under similar conditions achieved sulfide removal of 96% to 99% and COD reduction of
50% to 80% [164]. In another study, chemical precipitation is used to remove fluoride,
phosphate, and total ammonia nitrogen simultaneously from semiconductor wastes. The
outcomes of the laboratory experiment showed that the use of magnesium salts to remove
fluoride led to good performance. The investigation conducted on a pilot scale showed that
a two-stage precipitation procedure was capable of elimination of 97% of the phoapproach
has a treatment cost of about 1.58 USD/m3, according to an economic analysisphate, 58%
of the total ammonia nitrogen, and 91% of the fluoride from semiconductor wastewater.
The suggested s [165].

Recently, a study investigated the application of chemical precipitation of calcium
oxide and calcium hydroxide to remove chromium, sulfates, and chemical oxygen demand
from industrial tannery wastewater. Low to high alkali concentrations were applied, and
chromium was theoretically removed using 0.3–3.2 g alkali (Cr+3)−1. The precipitation
was conducted at room temperature, with vigorous stirring of 10 min at 200 rotations
per minute for 1 day. The results of this study revealed that using a high concentration
of alkalis boosts the removal of chromium and sulfates while the removal of chemical
oxygen demand was not affected. The removal rate using calcium oxide precipitation for
the removal of Cr, SO4

2−, ZnSO4, FeSO4, CN−1, NiSO4, and Fe+2 [Fe (CN)6] was 99.8%,
66.9%, 99.6%, 21.4%, 70.9%, 52.8% and 76.4%, respectively. In comparison, by using the
precipitation of calcium hydroxide, 99.8%, 61.6%, 99.9%, 7.1%, 84.0%, 54.4%, and 90.5%
were recorded, respectively [166].

3.2.3. Flocculation and Coagulation

Undermined contaminated elements are clustered into bigger particles by mechan-
ical agitation for the flocculation method. In contrast, for the coagulation process, some
materials stabilize the colloidal suspensions by neutralizing their charges, leading to the
accumulation of minor particles [167,168]. Recently, the method of flocculation and coag-
ulation was adopted to remove microplastics from secondary wastewater. In this study,
two different sizes of polystyrene spheres, 1 μm and 6.3 μm, with wastewater effluent were
spiked and the removal rate in a wide pH range was investigated. Moreover, ferric chloride,
poly aluminum chloride, and polyamine were used as organic and inorganic coagulants.
The results of this study revealed that coagulants play a vital role in removing microplastics.
Ferric chloride and poly aluminum chloride efficiently almost completely removed mi-
croplastics compared to polyamine [169]. In another, a batch experiment was conducted for
textile wastewater treatment. It evaluated the efficiency of four different coagulants, ferric
sulfate, aluminum chloride, aluminum sulfate, and ferric chloride, at various ranges of pH
(1–11) for the elimination of different pollutants such as chemical oxygen demand, total
suspended solids, color, total nitrogen, and turbidity from industrial wastewater. Results
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of this study demonstrated that by using a high concentration of ferric chloride at pH 9, a
fast-mixing speed of 150 rpm for 1 min, and a slow mixing speed of 30 rpm for 20 min with
30 min of settlement time, almost 90% of the pollutants were eliminated [170]. Heteroge-
neous photocatalysis was used to optimize the traditional coagulation–flocculation process
and finish the removal of natural organic matter from drinking water. TiO2-P25 suspended
catalyst and TiO2-P25/β-SiC supported materials were used in heterogeneous photocat-
alytic experiments [171]. Coagulation–flocculation and heterogeneous photocatalysis have
been used alone and in combination to determine the most effective method for breaking
down the most significant number of organic molecules. Total organic carbon, specific
UV absorbance (SUVA254nm), and UV absorbance at 254 nm (UV254nm) were evaluated
to quantify the number of humic compounds eliminated from each treatment. Findings
indicated that at pH 5 for 110 mg/L of coagulant dosage, the coagulation–flocculation
process conditions were optimized, and at this pH, 70% of humic compounds were elim-
inated. After 220 min of irradiation, the coupling of coagulation–flocculation and the
supported photocatalytic process (with TiO2-P25/β-SiC supported catalyst) reveals that
around 80% of the mineralization of humic compounds is still present in water treated by
coagulation–flocculation. As a result, these two procedures together eliminate around 90%
of humic compounds [172].

3.2.4. Ion Exchange

The alteration of ions present in the wastewater for their treatment is called ion
exchange, and the constituents used to detect ion pollutants are known as resins [173,174]
(Figure 4). Mainly two types of resins are used for the ion-exchange process: synthetic
and natural resins. Due to their distinguished characteristics and good efficiency, synthetic
resins are extensively used [175]. Natural resins include clays, polysaccharides, proteins,
and carbon materials. Synthetic resins used for ion exchange are heavy metal silicates,
formaldehyde resins, Sephadex, and acrylic acid co-polymers [176].

Figure 4. Ion-exchange mechanism for removal of pollutants in wastewater.

Recently, for removing nitrite ions from the tailwater of dyeing wastewater, an ion-
exchange polymer and modified carbonization bacterial cellulose were made using different
concentrations of ion-exchange polymers such as glutaric acid and sulfosuccinate acid. Fur-
thermore, the ion-exchange polymers are manufactured within an asymmetric capacitive
deionization unit, and the efficiency of NO−2 electroadsorption was investigated. Results
of the study showed that the activated carbon and carbonization bacterial cellulose group
efficiently showed adsorption capacity of salts upto 14.56 mg/g and effectively eliminated
nitrates at the rate of 71.01% as compared to the activated carbonization bacterial cellulose
and glutaric acid (10.72 mg/g, 47.83%) and activated carbon-based (4.81 mg/g, 12.74%)
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groups [177]. A study was carried out on removing the heavy metal chromium from
wastewater using an ion-exchange technique. In this study, the resin used for ion exchange
was Lewatit S 100. Results of the study showed that at lower pH (3.5), resin adsorption
was maximum and performed efficiently to remove chromium metal [178].

3.2.5. Ozonation

Due to the excellent oxidation and disinfection efficiency of ozone, the ozonation
process is extensively applied for wastewater treatment [179]. The most prominent charac-
teristic of ozone gas is that it is unstable, which is why removing pollutants from wastewater
can be performed directly by molecular ozone and indirectly via hydroxyl radicals’ for-
mation [180]. Generally, the most used ozonation method has been applied to detoxify
contaminants in wastewater as a disinfector and to reduce waste sludge. In addition,
this method is also mainly applied for the decolorization of dyes, removing micro- and
nanoscale contaminants, and eliminating chemical oxygen demand [181] (Figure 5).

Figure 5. Ozonation and oxidation mechanism for wastewater treatment.

Pulp and paper wastewater treatment using the ozonation method at a large scale in
a medium-potentiality wastewater treatment plant (143,000 population equivalent) was
recently investigated. To evaluate the efficiency of the ozonation technique, single wastew-
ater lines, including bleaching and processing wastewater, and the mixture of wastewater
before and after secondary biological treatment were carried out. Ozone demonstrated
considerably greater efficiency on pulp and paper wastewater mixture following biological
treatment (up to 81% COD removal) rather than before biological process (46% mean COD
abatement). Ozone effectiveness was more noticeable in process water (60% COD removal)
than in bleaching water (28% COD removal). A good TSS abatement (up to 20–30 mg/L)
was also noted, and the COD elimination effectiveness at a dosage of 100 mg O3/L was
comparable to the current physicochemical treatment (mean 50%). [182]. In another study,
various methods were applied to treat oily gas wastewater, such as hybridization of the
electrochemical coagulation method, ceramic microfiltration membrane, and ozonation,
and their efficiencies were compared. This study investigated different parameters, such
as hydraulic retention time, aeration, current density, method of supply, and pH of sam-
ples. Results of this study revealed that the ozonated reactor eliminates chemical oxygen
demand by up to 53.1% compared to the aerated electromembrane reactor. Moreover, this
study explained that the ozonation-assisted elec −romembrane hybrid plays a vital role
in removing pollutants in wastewater [183]. An indicative profile of the physiochemical
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characteristics for remediation of emerging micropollutants in water matrices is presented
in Table 3.

Table 3. Physiochemical approaches for remediation of emerging micropollutants in water matrices.

Name of Treatment Micropollutants Water Matrix Removal Efficiency (%) References

Sedimentation Phosphorus
Nitrogen Municipal wastewater 72.43

98.63 [184]

Oils Oily wastewater 82 [185]

Phenolic compounds Olive mill wastewater 76.2 [186]

Phosphorus
Volatile fatty acids Organic wastewater 31 [187]

Ferric chloride
Phosphorus

Nitrogen
Sewage effluent

80
70
40

[188]

Colors Antibiotic fermentation
wastewater 97.3 [137]

Toxic phenolic compounds Olive mill wastewater 71 [186]

Degasification Methane
Hydrogen sulfide

Anerobic treated
wastewater

94
88 [189]

Phosphate Animal manure
wastewater 80–86 [142]

Dust
Carbon monoxide
Nitrogen oxides

Industrial wastewater
20

59.4
55.1

[190]

Nitrogen Coal gasification
wastewater 81.23 [138]

Organic compounds Anaerobic wastewater 90 [191]

Chromium Synthetic and industrial
wastewater 92.6 [192]

Organic matter Sugar industry wastewater 79 [193]

Filtration

Phenol
Sodium sulfate
Ferrous sulfate

Sulfuric acid
Sodium hydroxide
Potassium titanium

Synthetic and industrial
wastewater 100 [143]

Conventional pollutants Swine wastewater 99 [194]

Color
Total Nitrogen Textile wastewater 98.4

86.1 [195]

Microplastics Sewage wastewater 96 [144]

Phosphorus
Organic carbon
Heavy metals

Urban road runoff 84.1–97.4 [145]

Copper Acid mine drainage 100 [146]

Dye/salt mixtures Textile wastewater 99.84 [147]

p-chloroaniline Industrial wastewater 50 [149]

Free DNA
Antibiotic resistance genes Domestic wastewater 99.80 [196]

Adsorption Manganese Agricultural wastewater 99 [197]
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Table 3. Cont.

Name of Treatment Micropollutants Water Matrix Removal Efficiency (%) References

Heavy metal ions Domestic wastewater 99 [198]

Dyes (basic violet and red) Textile wastewater 77 and 93 [199]

TetrabromobispenolA Industrial wastewater 90 [200]

Bisphenol A Hospital effluents 100 [201]
[202]

Estrone
17β-estradiol

17α--ethinylestradiol
Laboratory wastewater

86
94
94

[203]

Cadmium Industrial wastewater 86 [204]

Chromium Industrial wastewater 96 [205]

Lead Tannery wastewater 99.12 [206]

Zinc Domestic wastewater 93.3 [21]

Copper
Iron
Lead

Nickel
Cadmium

Agricultural and industrial
wastewater

98.54
99.25
87.17
96.95
73.54

[207]

Chemical
precipitation

Chromium
Copper

Lead
Zinc

Contaminated river water 99.8 [208]

Zinc Industrial wastewater 99–99.3 [209]

Fluoride
Ammonia nitrogen

Phosphate
Synthetic wastewater

91
58
97

[165]

Lead Industrial wastewater 99.4 [210]

Silicon Pulping whitewater 93–95 [211]

Polycyclic aromatic
hydrocarbons

Micropollutants
Domestic wastewater 80–100 [212]

Copper Textile wastewater 80.2 [213]

Lead Contaminated river water 94 [214]

Cobalt Industrial wastewater 99.9 [215]

Copper Textile wastewater 92 [216]

Flocculation and
coagulation

Iron, phosphorus, and
aluminum Tannery wastewater 99 [217]

Reactive and acid Dye bath effluents 98 [218]

Sulfur Industrial dying
wastewater 100 [219]

Arsenic
Mercury

Lead
Mature landfill leachate

46
9

85
[220]

Microplastics
Humic acid Synthetic wastewater 98.2

97.9 [221]

Colors Tannery wastewater 95 [222]

Total organic carbon
Color Textile effluents 82

70 [223]
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Table 3. Cont.

Name of Treatment Micropollutants Water Matrix Removal Efficiency (%) References

Turbidity
Total organic carbon

Vegetable oil refinery
wastewater

100
98 [224]

Ion exchange Arsenic Domestic wastewater 100 [225]

Nickel
Zinc Synthetic wastewater 98 [226]

Chromium Synthetic wastewater 93 [227]

Chromium Tannery wastewater 95 [228]

Nickel
Vanadium Hospital effluents 98 [229]

Hexavalent chromium Tannery wastewater 98.5 [230]

Cadmium
Lead Mango peel wastewater 72.46

76.26 [231]

Thallium
Chloride Industrial wastewater 98

90 [232]

Methylene blue Textile wastewater 97.02 [233]

Ozonation Colors Tannery wastewater 100 [234]

Nitrogenous heterocyclic
compounds

Total nitrogen

Coal gasification
wastewater

95.6
80.6 [235]

Ibuprofen Synthetic wastewater 99 [236]

Proteins
Polysaccharides Organic wastewater 100

42 [237]

Non-polar pollutants Synthetic wastewater 95 [238]

Metolachlor Organic wastewater 82 [239]

Atrazine
Metolachlor

Nonylphenol
Organic wastewater

75
78

100
[240]

Diclofenac
Sulfamethoxazole

Pharmaceutical industrial
wastewater

100
95 [241]

Diclofenac
Sulfamethoxazole

17-α-Ethynylestradiol

Pharmaceutical industrial
wastewater 100 [242]

Ibuprofen
Ciprofloxacin

Pharmaceutical industrial
wastewater

100
88 [243]

2,4–Dichlorophenol
2,4,6–Trichlorophenol

Phenazone
Synthetic wastewater

98
98
79

[244]

4. Nanotechnology for Wastewater Treatment

Clean and safe water is one of the most fundamental elements needed for the sur-
vival of life on the planet [245]. The increasing population, industrialization, urbanization,
and an imprudent number of agriculture procedures produce dirty and deadly wastewa-
ter [246,247]. Every year millions of people are affected due to harmful pathogens through
the consumption of drinking water worldwide [248]. However, in the last few years, many
techniques have been applied to wastewater treatment. However, their applications are con-
fined by various limitations such as the use of chemicals, formation of secondary pollutants,
time consumption, and high prices [249].
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Nanoparticles incorporate a high surface-to-volume ratio, high sensitivity and reac-
tivity, a high adsorption capacity, and ease of functionalization, making them suitable
for wastewater treatment [250]. Nanoparticles have been proven efficient in removing
different toxic contaminants from wastewater, such as heavy metals, organic and inor-
ganic compounds, dyes, biological toxins, and pathogens that spread lethal diseases [251]
(Figure 6).

Figure 6. Synthesis of nanoparticles and their contribution to remediating pollutants.

Recently, Shkir et al. [252] investigated applications of novel Ni-mediated ZnO nano-
materials for removing methylene blue and tetracycline from wastewater. Ni- and ZnO-
doped nanoparticles were synthesized at the wt% of 0.0, 0.5, 1.0, 2.0, and 3.0 by the
high-combustion method at 550 ◦C. The morphology, homogeneity, and particle size were
evaluated by scanning electron microscope analysis, and it was found that both parti-
cles were braced efficiently with each other at the range of 30–60 nm. In addition, this
study explained that 3.0% wt of Ni doping in ZnO nanoparticles is more suitable, effec-
tive, and more rapidly removed both pollutants from the wastewater and reused several
times. In another study, various kinds of emerging pollutants were removed from wastew-
ater with the synthesis of silver and gold nanoparticles by using an extract of Crinum
latifolium. The results of this study explained that the average diameters of unique and
multishaped silver and gold nanoparticles were 20.5 and 17.6 nm, respectively. Moreover,
the biosynthesized metallic nanoparticles efficiently removed dyes and antibiotics from
the wastewater [253]. Nanoparticles and their preferential role in degrading different toxic
compounds in wastewater are mentioned in Table 4. To remove secondary effluents from
municipal wastewater, a comprehensive investigation was proposed and synthesized mag-
netic and silver nanoparticles had average dimensions of 41 and 34 nm, respectively, and
the saturation magnetization was recorded as 62 and 67 emu/g, respectively. The findings
of this study revealed that the dose of nanoparticles at 105 mg/L with a contact time of
70 min was able to effectively remove 55% of toxic pollutants and 30.40% of chemical
oxygen demand. In addition, this study explained that increasing the dose of nanomaterials
and contact time and decreasing the concentration of pollutants enhanced the removal rate,
and nanoparticles could be reused several times [254]. For the removal of various cationic
and anionic dyes such as malachite green, Congo red, methylene blue, and eosin Y from
wastewater, the biosynthesis of flower-shaped zinc oxide (ZnO) nanoparticles from the
extract of sea buckthorn fruit was carried out, and their external and internal properties
were examined by using different microscopes. This study showed that by a photocatalyst
mechanism, almost 99% removal of malachite green, methyl blue, Congo red, and eosin Y
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was achieved at the concentration of 15 mg/L with a contact time of 70, 70, 80, and 90 min,
respectively. In addition, using 5 mg/L of green synthesized nanoparticles, all dyes were
completely degraded with a contact time of 23, 25, 28, and 30 min, respectively. This study
concluded that biosynthesized zinc oxide nanoparticles are faster, inexpensive, easy to
synthesize, efficient, recyclable, ecofriendly, and non-toxic agents to degrade various kinds
of emerging pollutants from wastewater [255].

Heavy metals are extensively released into the ecosystem by various industries, and
their accumulation causes severe threats to terrestrial as well as aquatic organisms [256].
To remove chromium from tannery wastewater, green synthesis of titanium oxide nanopar-
ticles (TiO2 NPs) from Jatropha curcas leaf extract was carried out, and their efficiency was
evaluated. The findings of this study explained that by photocatalytic treatment, complete
removal of chromium metal and chemical oxygen demand (COD) was achieved, while by
applying TiO2 NPs in a parabolic trough reactor, 82.26% of COD and 76.48% of chromium
were removed from tannery wastewater. This study concluded that biosynthesized TiO2
NPs performed rapidly and could be used to remove other kinds of emerging pollutants
from the environment at a pilot scale [257]. Another study studied the formation of novel
magnetic nanoparticles modified by organodisulfide polymer to remove highly toxic met-
als, including lead, mercury, and cadmium, from high-salinity wastewater. The results
of adsorption kinetics and isotherm thermodynamics followed the pseudo-second-order
model. The Freundlich equation revealed that, by using inorganic salt in high-salinity
water, removing all metals was efficiently achieved by applying nanoparticles for twenty
seconds and they could be recycled five times [258]. The imprudent applications of pes-
ticides and other organic chemicals in the agriculture system cause various diseases in
living organisms, reaching the groundwater and contaminating drinking water. Due to the
imperative need for a healthy natural environment, researchers are constantly seeking to
maintain biodiversity by removal of toxic pesticide residues worldwide [259].

Recently, the removal of chlorpyriphos residues from the wastewater synthesis of
green nanoparticles from the leaf extract of Moringa olivera was carried out and their effi-
ciency was investigated. To gain the best degradation rate of chlorpyriphos residues in
wastewater, wide ranges of chlorpyriphos concentrations (10–80 g/mL), doses of nanopar-
ticles (0.05–0.5 g), pH (5–9), contact time (10–1440 min), and temperature (25–45 ◦C) were
used. The outcomes of this study indicated that 81% removal of chlorpyriphos residues
at the concentration of 80 μg/mL was achieved within 30 min at pH 7 and a temperature
of 35 ◦C. The CPF sorption process was shown to be exothermic and spontaneous by the
thermodynamic characteristics.

This study concluded that a novel nanobiosorbent could be an effective, inexpensive,
ecofriendly, non-toxic, and superior candidate for removing chlorpyriphos and other
organophosphate pesticides from polluted water [260].

Antibiotics are one of the fundamental components of pharmaceuticals that are ex-
tensively applied as a growth factor in fish farms, livestock, and other living organisms,
including humans, for the treatment of various infectious diseases [261]. The secondary
metabolites of various microbial species, such as bacteria, actinomycetes, archaea, fungi,
and algae, could synthesize antibiotics. However, in recent years due to high demand,
the synthesis of antibiotics changed and extended to synthetic and semisynthetic com-
pounds [262]. Due to their injudicious use and high applications, their toxic residues
are often detected in different compartments of water, including wastewater, surface
water, groundwater, and even potable water, causing severe threats to non-target organ-
isms [263,264]. To remove flumequine antibiotics from wastewater, green synthesis of
zinc oxide nanoparticles (ZnO NPs) from pomegranate seed molasses was carried out
and their external and internal characteristics were analyzed by using a scanning electron
microscope, spectrometry, fluorimetry, and Raman spectroscopy. Findings revealed that
green synthesized ZnO NPs indicated narrowed band gaps and more excellent absorption
of visible photons that allow the maximum density of hydroxyl radicals during the solar
illumination process and efficiently degraded 97.6% of flumequine from the wastewater.
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This study provides new insights into the biosynthesis of various nanoparticles to remove
different emerging pollutants from the environment [265]. In another study, the biosynthe-
sis of novel magnetic iron oxide nanoparticles (Fe3O4 NPs) from the extract of Excoecaria
cochinchinensis to remove rifampicin antibiotics from polluted water and their degradation
efficiency as well as other physiochemical properties were investigated. The outcomes of
this study revealed that at the initial concentration of 20 mL of rifampicin, 98.4% removal
was achieved by a 10 mg dose of Fe3O4 NPs at a temperature of 303 K. The scanning
electron microscope analysis revealed that the size of nanoparticles was 20–30 nm, and the
N2 adsorption/desorption isotherms explained that the surface area of nanomaterials was
111.8 m2/g. In addition, this study demonstrated that after five reuses, Fe3O4 NPs could
degrade 61.5% of rifampicin with a concentration of 20 mL [266].

Table 4. Nanoparticles and their preferential role to degrade different toxic compounds in wastewater.

Name of
Emerging Pollutant

Name of
Nanomaterials

Characteristics
Removal

Efficiency %
References

Organic dyes PVA/PAA/GO-
COOH@AgNPs

High catalytic activity, easy to
recycle, perform efficiently at

room temperature, inexpensive
99.8 [267]

Dyes Bismuth oxychloride

Controllable shape, perform at
various temperatures

(low–high), large surface area,
ecofriendly

85.31 [268]

4-nitrophenol and
2-nitroaniline

PVA/PAA/Fe3O4/
MXene@AgNP

Excellent structure, high
thermal stability and good

magnetic properties, able to be
reused and high catalytic

activity

72.55 and 88.8 [269]

Phosphorus and
nitrogen

Carbon-based
nanomaterials

Easy to synthesize, ecofriendly,
high adsorption capacity, high

enzymatic and catalytic
activity

24.1–42.7 [270]

Organic matter and
personal care products TiO2 and ZnO

Diverse range of particle sizes,
grow in clusters, inexpensive,

high sorption capacity, and
perform in different

temperatures efficiently

43.8–55.3 [271]

Methylene blue Rod-shaped
manganese oxide

High adsorption capacity,
perform efficiently at pH 8.0

and room temperature,
ecofriendly, inexpensive, high

degradation ability

99.8 [272]

Congo red dye

Silica composite (Si-IL)
and silica-coated

magnetite (Fe3O4-Si-IL)
composites

Excellent adsorption capacity,
high catalytic activity, diverse
range of sizes, good magnetic

and thermal properties

100 [273]

Chromium, arsenic,
and lead

Single-walled carbon
nanotubes

Reduced pore size, smoother
surface, and high rejection

ability
96.8, 87.6, and 30.3 [274]

Diazinon, phosalone,
and chlorpyrifos

Modified magnetic
chitosan nanoparticles

based on mixed
hemimicelle of sodium

dodecyl sulfate

Excellent absorbance, easy to
synthesize, inexpensive,

ecofriendly, and easy to recycle
99, 98, and 96 [275]
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Table 4. Cont.

Name of
Emerging Pollutant

Name of
Nanomaterials

Characteristics
Removal

Efficiency %
References

Methomyl Cu/Cu2O/CuO hybrid
nanoparticles

Efficient in extreme
environmental conditions,

good reusability, ecofriendly,
high adsorption ability, good
catalytic activity, and easy to

synthesize

91 [276]

Chlorpyriphos ZnO

Highly dependent on pH,
good thermodynamic

properties, economical, and
environmentally friendly

56 [277]

Ciprofloxacin Fe3O4/red mud
nanoparticles

High removal efficiency,
depend on pH, contact time,

and temperature, high
adsorption capacity, and able

to reuse

30–100 [278]

Naproxen

Silica and magnetic
nanoparticle-decorated

graphene oxide
(GO-MNPs-SiO2)

Perform efficiently in optimum
conditions, good adsorption

ability, inexpensive, and
environmentally friendly

83–94 [279]

Lead TiO2

High catalytic activity, average
crystalline size, large surface

area, and easy to recycle
82.53 [280]

Dimethoate

Graphene-oxide-
supported graphitic

carbon nitride
microflowers decorated
by silver nanoparticles

Grow in crystals, high
adsorption ability, good

removal efficiency, and long
reaction time

93 [281]

5. Conclusions and Future Perspectives

Water systems around the world are facing significant accumulations of micropollu-
tants. These primary contaminants largely stem from human activities, such as industrial-
ization, urbanization, and poor wastewater management. The harmful effects of micropol-
lutants on both terrestrial and aquatic ecosystems are unavoidable, with dire consequences
for life in these environments. The heavy accumulation and biotoxicity of these pollutants
pose severe environmental hazards. As a result, environmentalists emphasize the need
for environmentally friendly, cost-effective, and biologically reliable strategies. Conven-
tional physiochemical and biotechnological methods for removing micropollutants from
aquatic environments are being re-evaluated, as biological approaches offer advantages
in terms of energy efficiency and low costs, improving the efficacy of pollutant removal.
Additionally, the integration of nanomaterials has proven to be a significant adjunct in
sustainable wastewater management and effective micropollutant abatement. Furthermore,
bio-monitoring methods utilizing microbiology, bioinformatics, omics technologies, big
data analysis, and systems biology approaches are critical for the sustainable management
of micropollutants. The use of novel microbes, innovative nanomaterial strategies, and
advanced data management is essential for enhancing the efficiency of micropollutant
removal. Holistic approaches, such as sustainable wastewater treatment using floating
wetlands, show promise for practical application. Future research should focus on compre-
hensive assessments of technical stability, from pilot-scale to long-term implementations,
for effective micropollutant removal and water body conservation. Additionally, practical
applicability and economic feasibility analyses are necessary to develop a sustainable and
appropriate wastewater management strategy
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16. Mackul’ak, T.; Cverenkárová, K.; Vojs Staňová, A.; Fehér, M.; Tamáš, M.; Škulcová, A.B.; Gál, M.; Naumowicz, M.; Špalková, V.;
Bírošová, L. Hospital Wastewater—Source of Specific Micropollutants, Antibiotic-Resistant Microorganisms, Viruses, and Their
Elimination. Antibiotics 2021, 10, 1070. [CrossRef]

17. Vilela, C.L.S.; Bassin, J.P.; Peixoto, R.S. Water Contamination by Endocrine Disruptors: Impacts, Microbiological Aspects and
Trends for Environmental Protection. Environ. Pollut. 2018, 235, 546–559. [CrossRef]

18. Bilal, M.; Iqbal, H.M.; Barceló, D. Mitigation of Bisphenol A Using an Array of Laccase-Based Robust Bio-Catalytic Cues—A
Review. Sci. Total Environ. 2019, 689, 160–177. [CrossRef]

19. Bao, Q.; Huang, L.; Xiu, J.; Yi, L.; Ma, Y. Study on the Treatment of Oily Sludge in Oil Fields with Lipopeptide/Sophorolipid
Complex Bio-Surfactant. Ecotoxicol. Environ. Saf. 2021, 212, 111964. [CrossRef]

97



Water 2024, 16, 2893

20. Al-Asgah, N.A.; Abdel-Warith, A.-W.A.; Younis, E.-S.M.; Allam, H.Y. Haematological and Biochemical Parameters and Tissue
Accumulations of Cadmium in Oreochromis niloticus Exposed to Various Concentrations of Cadmium Chloride. Saudi J. Biol. Sci.
2015, 22, 543–550. [CrossRef]

21. Meena, A.K.; Mishra, G.; Rai, P.; Rajagopal, C.; Nagar, P. Removal of Heavy Metal Ions from Aqueous Solutions Using Carbon
Aerogel as an Adsorbent. J. Hazard. Mater. 2005, 122, 161–170. [CrossRef]

22. Ahmad, H.W.; Ahmad, S.; Maqsood, U. Sustainable Application of Microwave-Assisted Extraction for the Recovery of Bioactive
Components from Agro-Waste. In Proceedings of the 2nd International Conference on Precision and Sustainable Agriculture
Under Climate Change, Rahim Yar Khan, Pakistan, 22–24 February 2024.

23. Alaguprathana, M.; Poonkothai, M.; Al-Ansari, M.M.; Al-Humaid, L.; Kim, W. Cytogenotoxicity assessment in Allium cepa roots
exposed to methyl orange treated with Oedogonium subplagiostomum AP1. Environ. Res. 2022, 2013, 113612. [CrossRef] [PubMed]

24. Tang, Y.; Chen, Z.; Wen, Q.; Yang, B.; Pan, Y. Evaluation of a hybrid process of magnetic ion-exchange resin treatment followed by
ozonation in secondary effluent organic matter removal. Sci. Total Environ. 2021, 754, 142361. [CrossRef] [PubMed]

25. Fan, R.; Tian, H.; Wu, Q.; Yi, Y.; Yan, X.; Liu, B. Mechanism of Bio-Electrokinetic Remediation of Pyrene Contaminated Soil:
Effects of an Electric Field on the Degradation Pathway and Microbial Metabolic Processes. J. Hazard. Mater. 2021, 422, 126959.
[CrossRef] [PubMed]

26. Kasiotis, K.M.; Zafeiraki, E.; Manea-Karga, E.; Kouretas, D.; Tekos, F.; Skaperda, Z.; Doumpas, N.; Machera, K. Bioaccumulation
of Organic and Inorganic Pollutants in Fish from Thermaikos Gulf: Preliminary Human Health Risk Assessment Assisted by a
Computational Approach. J. Xenobiot. 2024, 14, 701–716. [CrossRef] [PubMed]
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218. Golob, V.; Vinder, A.; Simonič, M. Efficiency of the coagulation/flocculation method for the treatment of dyebath effluents. Dye.
Pigment. 2005, 67, 93–97. [CrossRef]

219. Bidhendi, G.N.; Torabian, A.; Ehsani, H.; Razmkhah, N. Evaluation of industrial dyeing wastewater treatment with coagulants
and polyelectrolyte as a coagulant aid. J. Environ. Health Sci. Eng. 2007, 4, 29–36.

220. Vedrenne, M.; Vasquez-Medrano, R.; Prato-Garcia, D.; Frontana-Uribe, B.A.; Ibanez, J.G. Characterization and detoxification of a
mature landfill leachate using a combined coagulation–flocculation/photo Fenton treatment. J. Hazard. Mater. 2012, 205, 208–215.
[CrossRef]

221. Peydayesh, M.; Suta, T.; Usuelli, M.; Handschin, S.; Canelli, G.; Bagnani, M.; Mezzenga, R. Sustainable removal of microplastics
and natural organic matter from water by coagulation–flocculation with protein amyloid fibrils. Environ. Sci. Technol. 2021, 55,
8848–8858. [CrossRef]

222. Irfan, M.; Butt, T.; Imtiaz, N.; Abbas, N.; Khan, R.A.; Shafique, A. The removal of COD, TSS and colour of black liquor by
coagulation–flocculation process at optimized pH, settling and dosing rate. Arab. J. Chem. 2017, 10, S2307–S2318. [CrossRef]

223. Torres, N.H.; Souza, B.S.; Ferreira, L.F.R.; Lima, A.S.; Dos Santos, G.N.; Cavalcanti, E.B. Real textile effluents treatment using
coagulation/flocculation followed by electrochemical oxidation process and ecotoxicological assessment. Chemosphere 2019, 236,
124309. [CrossRef]

224. Khouni, I.; Louhichi, G.; Ghrabi, A.; Moulin, P. Efficiency of a coagulation/flocculation–membrane filtration hybrid process for
the treatment of vegetable oil refinery wastewater for safe reuse and recovery. Process Saf. Environ. Prot. 2020, 135, 323–341.
[CrossRef]

225. Rathi, B.S.; Kumar, P.S.; Ponprasath, R.; Rohan, K.; Jahnavi, N. An effective separation of toxic arsenic from aquatic environment
using electrochemical ion exchange process. J. Hazard. Mater. 2021, 412, 125240. [CrossRef]

105



Water 2024, 16, 2893

226. Alyüz, B.; Veli, S. Kinetics and equilibrium studies for the removal of nickel and zinc from aqueous solutions by ion exchange
resins. J. Hazard. Mater. 2009, 167, 482–488. [CrossRef] [PubMed]

227. Edebali, S.; Pehlivan, E. Evaluation of Amberlite IRA96 and Dowex 1× 8 ion-exchange resins for the removal of Cr (VI) from
aqueous solution. Chem. Eng. J. 2010, 161, 161–166. [CrossRef]

228. Rengaraj, S.; Yeon, K.-H.; Moon, S.-H. Removal of chromium from water and wastewater by ion exchange resins. J. Hazard. Mater.
2001, 87, 273–287. [CrossRef] [PubMed]

229. Al-Jaser, Z.A.; Hamoda, M.F. Removal of nickel and vanadium from desalination brines by ion-exchange resins. Desalin. Water
Treat 2019, 157, 148–156. [CrossRef]

230. Alvarado, L.; Torres, I.R.; Chen, A. Integration of ion exchange and electrodeionization as a new approach for the continuous
treatment of hexavalent chromium wastewater. Sep. Purif. Technol. 2013, 105, 55–62. [CrossRef]

231. Iqbal, M.; Saeed, A.; Zafar, S.I. FTIR spectrophotometry, kinetics and adsorption isotherms modeling, ion exchange, and EDX
analysis for understanding the mechanism of Cd2+ and Pb2+ removal by mango peel waste. J. Hazard. Mater. 2009, 164, 161–171.
[CrossRef]

232. Li, H.; Chen, Y.; Long, J.; Jiang, D.; Liu, J.; Li, S.; Qi, J.; Zhang, P.; Wang, J.; Gong, J. Simultaneous removal of thallium and chloride
from a highly saline industrial wastewater using modified anion exchange resins. J. Hazard. Mater. 2017, 333, 179–185. [CrossRef]
[PubMed]

233. Pathania, D.; Sharma, G.; Thakur, R. Pectin@ zirconium (IV) silicophosphate nanocomposite ion exchanger: Photo catalysis,
heavy metal separation and antibacterial activity. Chem. Eng. J. 2015, 267, 235–244. [CrossRef]

234. Poznyak, T.; Bautista, G.L.; Chaírez, I.; Córdova, R.I.; Ríos, L.E. Decomposition of toxic pollutants in landfill leachate by ozone
after coagulation treatment. J. Hazard. Mater. 2008, 152, 1108–1114. [CrossRef]

235. Zhu, H.; Han, Y.; Ma, W.; Han, H.; Ma, W. Removal of selected nitrogenous heterocyclic compounds in biologically pretreated
coal gasification wastewater (BPCGW) using the catalytic ozonation process combined with the two-stage membrane bioreactor
(MBR). Bioresour. Technol. 2017, 245, 786–793. [CrossRef]

236. Quero-Pastor, M.; Garrido-Perez, M.; Acevedo, A.; Quiroga, J. Ozonation of ibuprofen: A degradation and toxicity study. Sci.
Total Environ. 2014, 466, 957–964. [CrossRef] [PubMed]

237. Wu, J.; Ma, L.; Chen, Y.; Cheng, Y.; Liu, Y.; Zha, X. Catalytic ozonation of organic pollutants from bio-treated dyeing and finishing
wastewater using recycled waste iron shavings as a catalyst: Removal and pathways. Water Res. 2016, 92, 140–148. [CrossRef]
[PubMed]

238. Santiago-Morales, J.; Gómez, M.J.; Herrera-López, S.; Fernández-Alba, A.R.; García-Calvo, E.; Rosal, R. Energy efficiency for the
removal of non-polar pollutants during ultraviolet irradiation, visible light photocatalysis and ozonation of a wastewater effluent.
Water Res. 2013, 47, 5546–5556. [CrossRef]

239. Restivo, J.; Órfão, J.; Armenise, S.; Garcia-Bordejé, E.; Pereira, M. Catalytic ozonation of metolachlor under continuous operation
using nanocarbon materials grown on a ceramic monolith. J. Hazard. Mater. 2012, 239, 249–256. [CrossRef] [PubMed]

240. Restivo, J.; Órfão, J.J.; Pereira, M.F.; Garcia-Bordejé, E.; Roche, P.; Bourdin, D.; Houssais, B.; Coste, M.; Derrouiche, S. Catalytic
ozonation of organic micropollutants using carbon nanofibers supported on monoliths. Chem. Eng. J. 2013, 230, 115–123.
[CrossRef]

241. Martins, R.C.; Cardoso, M.; Dantas, R.F.; Sans, C.; Esplugas, S.; Quinta-Ferreira, R.M. Catalytic studies for the abatement of
emerging contaminants by ozonation. J. Chem. Technol. Biotechnol. 2015, 90, 1611–1618. [CrossRef]

242. Pocostales, P.; Álvarez, P.; Beltrán, F. Catalytic ozonation promoted by alumina-based catalysts for the removal of some
pharmaceutical compounds from water. Chem. Eng. J. 2011, 168, 1289–1295. [CrossRef]

243. Yang, L.; Hu, C.; Nie, Y.; Qu, J. Surface acidity and reactivity of β-FeOOH/Al2O3 for pharmaceuticals degradation with ozone: In
situ ATR-FTIR studies. Appl. Catal. B Environ. 2010, 97, 340–346. [CrossRef]

244. Lv, A.; Hu, C.; Nie, Y.; Qu, J. Catalytic ozonation of toxic pollutants over magnetic cobalt-doped Fe3O4 suspensions. Appl. Catal. B
Environ. 2012, 117, 246–252. [CrossRef]

245. Cheriyamundath, S.; Vavilala, S.L. Nanotechnology-based wastewater treatment. Water Environ. J. 2021, 35, 123–132. [CrossRef]
246. Jain, K.; Patel, A.S.; Pardhi, V.P.; Flora, S.J.S. Nanotechnology in wastewater management: A new paradigm towards wastewater

treatment. Molecules 2021, 26, 1797. [CrossRef] [PubMed]
247. Kokkinos, P.; Mantzavinos, D.; Venieri, D. Current Trends in the Application of Nanomaterials for the Removal of Emerging

Micropollutants and Pathogens from Water. Molecules 2020, 25, 2016. [CrossRef] [PubMed]
248. Mazhar, M.A.; Khan, N.A.; Ahmed, S.; Khan, A.H.; Hussain, A.; Changani, F.; Yousefi, M.; Ahmadi, S.; Vambol, V. Chlorination

disinfection by-products in municipal drinking water—A review. J. Clean. Prod. 2020, 273, 123159. [CrossRef]
249. Zheng, A.L.T.; Phromsatit, T.; Boonyuen, S.; Andou, Y. Synthesis of silver nanoparticles/porphyrin/reduced graphene oxide

hydrogel as dye adsorbent for wastewater treatment. FlatChem 2020, 23, 100174. [CrossRef]
250. Kariim, I.; Abdulkareem, A.; Abubakre, O. Development and characterization of MWCNTs from activated carbon as adsorbent

for metronidazole and levofloxacin sorption from pharmaceutical wastewater: Kinetics, isotherms and thermodynamic studies.
Sci. Afr. 2020, 7, e00242. [CrossRef]

251. Pan, Y.; Liu, X.; Zhang, W.; Liu, Z.; Zeng, G.; Shao, B.; Liang, Q.; He, Q.; Yuan, X.; Huang, D. Advances in photocatalysis based on
fullerene C60 and its derivatives: Properties, mechanism, synthesis, and applications. Appl. Catal. B Environ. 2020, 265, 118579.
[CrossRef]

106



Water 2024, 16, 2893

252. Shkir, M.; Palanivel, B.; Khan, A.; Kumar, M.; Chang, J.-H.; Mani, A.; AlFaify, S. Enhanced photocatalytic activities of facile
auto-combustion synthesized ZnO nanoparticles for wastewater treatment: An impact of Ni doping. Chemosphere 2022, 291,
132687. [CrossRef] [PubMed]

253. Vo, T.-T.; Nguyen, T.T.-N.; Huynh, T.T.-T.; Vo, T.T.-T.; Nguyen, T.T.-N.; Nguyen, D.-T.; Dang, V.-S.; Dang, C.-H.; Nguyen, T.-D.
Biosynthesis of silver and gold nanoparticles using aqueous extract from Crinum latifolium leaf and their applications forward
antibacterial effect and wastewater treatment. J. Nanomater. 2019, 2019, 8385935. [CrossRef]

254. Najafpoor, A.; Norouzian-Ostad, R.; Alidadi, H.; Rohani-Bastami, T.; Davoudi, M.; Barjasteh-Askari, F.; Zanganeh, J. Effect of
magnetic nanoparticles and silver-loaded magnetic nanoparticles on advanced wastewater treatment and disinfection. J. Mol. Liq.
2020, 303, 112640. [CrossRef]

255. Rupa, E.J.; Kaliraj, L.; Abid, S.; Yang, D.-C.; Jung, S.-K. Synthesis of a zinc oxide nanoflower photocatalyst from sea buckthorn
fruit for degradation of industrial dyes in wastewater treatment. Nanomaterials 2019, 9, 1692. [CrossRef]

256. Fouda, A.; Hassan, S.E.-D.; Abdel-Rahman, M.A.; Farag, M.M.; Shehal-deen, A.; Mohamed, A.A.; Alsharif, S.M.; Saied, E.;
Moghanim, S.A.; Azab, M.S. Catalytic degradation of wastewater from the textile and tannery industries by green synthesized
hematite (α-Fe2O3) and magnesium oxide (MgO) nanoparticles. Curr. Res. Biotechnol. 2021, 3, 29–41. [CrossRef]

257. Goutam, S.P.; Saxena, G.; Singh, V.; Yadav, A.K.; Bharagava, R.N.; Thapa, K.B. Green synthesis of TiO2 nanoparticles using leaf
extract of Jatropha curcas L. for photocatalytic degradation of tannery wastewater. Chem. Eng. J. 2018, 336, 386–396. [CrossRef]

258. Huang, X.; Yang, J.; Wang, J.; Bi, J.; Xie, C.; Hao, H. Design and synthesis of core–shell Fe3O4@ PTMT composite magnetic
microspheres for adsorption of heavy metals from high salinity wastewater. Chemosphere 2018, 206, 513–521. [CrossRef]

259. Bhatt, P.; Chaudhary, P.; Ahmad, S.; Bhatt, K.; Chandra, D.; Chen, S. Recent advances in the application of microbial inoculants
in the phytoremediation of xenobiotic compounds. In Unravelling Plant-Microbe Synergy; Chandra, D., Bhatt, P., Eds.; Elsevier:
Amsterdam, The Netherlands, 2023; pp. 37–48. [CrossRef]

260. Hamadeen, H.M.; Elkhatib, E.A.; Badawy, M.E.; Abdelgaleil, S.A. Green low cost nanomaterial produced from Moringa oleifera
seed waste for enhanced removal of chlorpyrifos from wastewater: Mechanism and sorption studies. J. Environ. Chem. Eng. 2021,
9, 105376. [CrossRef]

261. Guzmán-Trampe, S.; Ceapa, C.D.; Manzo-Ruiz, M.; Sánchez, S. Synthetic biology era: Improving antibiotic’s world. Biochem.
Pharmacol. 2017, 134, 99–113. [CrossRef]

262. Su, H.-C.; Liu, Y.-S.; Pan, C.-G.; Chen, J.; He, L.-Y.; Ying, G.-G. Persistence of antibiotic resistance genes and bacterial community
changes in drinking water treatment system: From drinking water source to tap water. Sci. Total Environ. 2018, 616, 453–461.
[CrossRef]

263. Azanu, D.; Styrishave, B.; Darko, G.; Weisser, J.J.; Abaidoo, R.C. Occurrence and risk assessment of antibiotics in water and lettuce
in Ghana. Sci. Total Environ. 2018, 622, 293–305. [CrossRef]

264. Fang, T.; Wang, H.; Cui, Q.; Rogers, M.; Dong, P. Diversity of potential antibiotic-resistant bacterial pathogens and the effect of
suspended particles on the spread of antibiotic resistance in urban recreational water. Water Res. 2018, 145, 541–551. [CrossRef]

265. Essawy, A.A.; Alsohaimi, I.H.; Alhumaimess, M.S.; Hassan, H.M.; Kamel, M.M. Green synthesis of spongy Nano-ZnO productive
of hydroxyl radicals for unconventional solar-driven photocatalytic remediation of antibiotic enriched wastewater. J. Environ.
Manag. 2020, 271, 110961. [CrossRef]

266. Cai, W.; Weng, X.; Chen, Z. Highly efficient removal of antibiotic rifampicin from aqueous solution using green synthesis of
recyclable nano-Fe3O4. Environ. Pollut. 2019, 247, 839–846. [CrossRef]

267. Liu, Y.; Hou, C.; Jiao, T.; Song, J.; Zhang, X.; Xing, R.; Zhou, J.; Zhang, L.; Peng, Q. Self-assembled AgNP-containing nanocompos-
ites constructed by electrospinning as efficient dye photocatalyst materials for wastewater treatment. Nanomaterials 2018, 8, 35.
[CrossRef] [PubMed]

268. Wu, Z.; Luo, W.; Zhang, H.; Jia, Y. Strong pyro-catalysis of shape-controllable bismuth oxychloride nanomaterial for wastewater
remediation. Appl. Surf. Sci. 2020, 513, 145630. [CrossRef]

269. Huang, X.; Wang, R.; Jiao, T.; Zou, G.; Zhan, F.; Yin, J.; Zhang, L.; Zhou, J.; Peng, Q. Facile preparation of hierarchical AgNP-loaded
MXene/Fe3O4/polymer nanocomposites by electrospinning with enhanced catalytic performance for wastewater treatment.
ACS Omega 2019, 4, 1897–1906. [CrossRef] [PubMed]

270. Yang, X.; He, Q.; Guo, F.; Sun, X.; Zhang, J.; Chen, Y. Impacts of carbon-based nanomaterials on nutrient removal in constructed
wetlands: Microbial community structure, enzyme activities, and metabolism process. J. Hazard. Mater. 2021, 401, 123270.
[CrossRef] [PubMed]

271. Choi, S.; Johnston, M.; Wang, G.-S.; Huang, C. A seasonal observation on the distribution of engineered nanoparticles in municipal
wastewater treatment systems exemplified by TiO2 and ZnO. Sci. Total Environ. 2018, 625, 1321–1329. [CrossRef]

272. Xu, Y.; Ren, B.; Wang, R.; Zhang, L.; Jiao, T.; Liu, Z. Facile preparation of rod-like MnO nanomixtures via hydrothermal approach
and highly efficient removal of methylene blue for wastewater Treatment. Nanomaterials 2018, 9, 10. [CrossRef]

273. Atta, A.M.; Moustafa, Y.M.; Ezzat, A.O.; Hashem, A.I. Novel magnetic silica-ionic liquid nanocomposites for wastewater
treatment. Nanomaterials 2019, 10, 71. [CrossRef]

274. Gupta, S.; Bhatiya, D.; Murthy, C. Metal removal studies by composite membrane of polysulfone and functionalized single-walled
carbon nanotubes. Sep. Sci. Technol. 2015, 50, 421–429. [CrossRef]

107



Water 2024, 16, 2893

275. Bandforuzi, S.R.; Hadjmohammadi, M.R. Modified magnetic chitosan nanoparticles based on mixed hemimicelle of sodium
dodecyl sulfate for enhanced removal and trace determination of three organophosphorus pesticides from natural waters. Anal.
Chim. Acta 2019, 1078, 90–100. [CrossRef]

276. Tony, M.; Mansour, S.A. Microwave-assisted catalytic oxidation of methomyl pesticide by Cu/Cu2O/CuO hybrid nanoparticles
as a Fenton-like source. Int. J. Environ. Sci. Technol. 2020, 17, 161–174. [CrossRef]

277. ul Haq, A.; Saeed, M.; Usman, M.; Naqvi, S.A.R.; Bokhari, T.H.; Maqbool, T.; Ghaus, H.; Tahir, T.; Khalid, H. Sorption of
chlorpyrifos onto zinc oxide nanoparticles impregnated Pea peels (Pisum sativum L): Equilibrium, kinetic and thermodynamic
studies. Environ. Technol. Innov. 2020, 17, 100516. [CrossRef]

278. Aydin, S.; Aydin, M.E.; Beduk, F.; Ulvi, A. Removal of antibiotics from aqueous solution by using magnetic Fe3O4/red mud-
nanoparticles. Sci. Total Environ. 2019, 670, 539–546. [CrossRef] [PubMed]

279. Mohammadi Nodeh, M.K.; Radfard, M.; Zardari, L.A.; Rashidi Nodeh, H. Enhanced removal of naproxen from wastewater
using silica magnetic nanoparticles decorated onto graphene oxide; parametric and equilibrium study. Sep. Sci. Technol. 2018, 53,
2476–2485. [CrossRef]

280. Sethy, N.K.; Arif, Z.; Mishra, P.K.; Kumar, P. Green synthesis of TiO2 nanoparticles from Syzygium cumini extract for photo-catalytic
removal of lead (Pb) in explosive industrial wastewater. Green Process. Synth. 2020, 9, 171–181. [CrossRef]

281. Deng, X.; Chen, R.; Zhao, Z.; Cui, F.; Xu, X. Graphene oxide-supported graphitic carbon nitride microflowers decorated by sliver
nanoparticles for enhanced photocatalytic degradation of dimethoate via addition of sulfite: Mechanism and toxicity evolution.
Chem. Eng. J. 2021, 425, 131683. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

108



Citation: Harada, S.; Yajima, I.;

Fukushima, K.; Nitta, Y. Retention,

Degradation, and Runoff of

Plastic-Coated Fertilizer Capsules in

Paddy Fields in Fukushima and

Miyagi Prefectures, Japan:

Consistency of Capsule Degradation

Behavior and Variations in Carbon

Weight and Stable Carbon Isotope

Abundance. Water 2024, 16, 1782.

https://doi.org/10.3390/w16131782

Academic Editors: Grigorios

L. Kyriakopoulos, Vassilis

J. Inglezakis, Antonis A. Zorpas and

María Rocío Rodríguez Barroso

Received: 15 May 2024

Revised: 16 June 2024

Accepted: 20 June 2024

Published: 23 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Retention, Degradation, and Runoff of Plastic-Coated Fertilizer
Capsules in Paddy Fields in Fukushima and Miyagi Prefectures,
Japan: Consistency of Capsule Degradation Behavior and
Variations in Carbon Weight and Stable Carbon Isotope
Abundance

Shigeki Harada 1,*, Itsuki Yajima 2, Keitaro Fukushima 1 and Youji Nitta 1

1 Faculty of Food and Agricultural Sciences, Fukushima University, 1 Kanayagawa, Fukushima City 960-1296,
Fukushima, Japan

2 North Alps Regional Development Bureau, 1058-2 Ohmachi, Ohmachi City 398-8602, Nagano, Japan
* Correspondence: harada.shigeki@agri.fukushima-u.ac.jp

Abstract: Paddy field runoff containing plastic capsules that are used to coat fertilizers has been
receiving increased attention. However, the behavior of these capsules, especially their degradation
behavior, has not been extensively investigated. We divided the capsules in runoff into two categories:
“floating capsules after ploughing” and “floating capsules discharged via pipes at the exits of paddy
fields”. The behaviors of the capsules in both types of runoff were monitored in 2022 and 2023 at four
paddy fields in Fukushima and Miyagi prefectures in northern Japan. Sampling of capsules in paddy
biomass and soil, and comparisons of capsule weight to biomass weight showed that a decrease in
plastic capsule weight reflected a decrease in capsule runoff. However, the emergence of clear effects
showed a delay of 2 to 3 years, as explained by carbon isotopic analyses. The decrease in the weight
of the plastic capsules could be attributed to a combination of capsule degradation and the release
of urea inside the capsules, which was also explained by carbon isotopic analyses. Three types of
degraded capsules were found: shrunken, broken, and spherical. Statistically significant differences
among the weights of each type found.

Keywords: microplastics; coated fertilizer; plastic capsule; paddy field; isotopic analyses; statistical
analyses; scanning electron microscopes

1. Introduction

Plastic-coated fertilizers (Figure 1), which are widely used in Japan [1], consist of
manure encapsulated within plastic shells [2–4]. This design facilitates the gradual release
of nutrients into paddy fields [5–7]. Applying these fertilizers to paddy fields in spring
obviates the need for additional fertilizer application in summer [5–7]. The method offers
significant advantages in terms of paddy field management [5–7], especially given the
diminishing labor force [5–7] and the reticence of younger individuals to return to the
exclusion zone following the Fukushima Daiichi nuclear disaster [8,9]. However, concerns
have been raised regarding the plastic capsules being transported from the paddy fields
in runoff [2–4], especially since these capsules account for 15% of the total microplastics
discharged from the catchment into the marine environment [10].

The increase in the plastic runoff into oceans has been identified as an issue of global
concern [11–14]. Although the present study does not directly address the severity of this
problem, its eco-toxicological impact is important to note [15–17].

Water 2024, 16, 1782. https://doi.org/10.3390/w16131782 https://www.mdpi.com/journal/water
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Figure 1. Coated fertilizer (white) and normal fertilizer (dark) capsules used in paddy fields C1 and
C2 in this study (see Table 1).

Table 1. Characteristics of the four paddy fields in Fukushima and Miyagi prefectures examined in
this study.

Field Prefecture Area (Acres)

A Fukushima 30

B Miyagi 20

C1 Fukushima 13

C2 Fukushima 13

Microplastics are generally defined as plastic particles measuring <5 mm [18,19]. Of
these particles, primary microplastics are derived from domestic and industrial sources [18,19]
and frequently pass through sewerage treatment systems [15]. Secondary microplastics are
derived from waste that has been crushed and fragmented by ultraviolet rays and physical
abrasion [18,19].

The plastic capsules derived from agricultural applications are classified as primary
microplastics. However, because they are an example of a non-point-source of pollution,
they do not pass through sewage treatment systems, which are relatively effective in
trapping such microplastics. In cases where the use of sludge on farmland is planned,
countermeasures against runoff are necessary [20].

Such countermeasures include placing simple microplastic traps on site [5–7]. Exam-
ples of these have been developed by the authors and are described elsewhere [6]. Briefly,
the authors’ technique utilizes porous concrete to filter runoff and capture the discharged
plastic capsules from the paddy fields [21–25].

Previous studies [2–7] have shown that plastic capsules persist for several years in
paddy fields. Capsule longevity is affected mainly by the following three factors: the
proportion of capsules that float relative to the total volume of capsules in the paddy soil
after ploughing, the fraction of these capsules that enter runoff or are retained within the
rice paddy as a proportion of the total volume of floating capsules during discharge after
ploughing, and the capsule degradation rate during retention inside the paddy field.

Understanding the lifespan and behavior of these capsules is important; however, this
requires a modeling approach, which is a goal for future research.
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In 2022 and 2023, we performed surveys, including the monitoring and sampling of
capsules in samples of biomass and mud, as well as floating capsules in runoff that were
discharged via drainage pipes from the paddy fields after ploughing. In this study, four
paddy fields (A, B, C1, and C2; Tables 1 and 2) in Fukushima and Miyagi prefectures were
sampled (Figures 2 and 3).

Table 2. Timing of sampling relative to ploughing and fertilizer application in this study.

Field Timing Coated Fertilizer Type and Volume *,**

A Before ploughing X, 1.0 kg/acre in 2022
Y, 1.0 kg/acre in 2023

B After ploughing Z, 0.6 kg/acre in 2022 and 2023

C1 Before ploughing W, about 0.87 kg/acre
(see also Table 3)C2 Before ploughing

* Weights represent total nitrogen, ** X, Y, Z, and W represent commodity names.

 

Figure 2. Typical appearance of floating fertilizer after ploughing (C2 in 2023).

Figure 3. Typical appearance of plastic capsules in floating biomass after ploughing (C2, 2023).
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This paper reports the results of our surveys and subsequent physical measurements
(capsule weight and density), scanning electron microscopy (SEM) analyses, and chemical
(C and δ13C) measurements.

The 2022 surveys examined the differences in capsule behavior at the four paddy
fields. Preliminary results showed general tendencies in capsule behaviors, including
retention within paddy fields. The authors subsequently focused on variations in the
capsule weights, capsule depth in the paddy soil, and chemical measurement results in
two adjacent paddy fields (C1 and C2 in Table 1) under identical conditions, except for the
timing of coated fertilizer application. The temporal differences between the proportions
and weights of the floating capsules in C2, where the same coated fertilizer (Figure 1) was
used in 2019–2023 (Table 3), and those in C1 (a coated fertilizer was not used in 2021 and
2023) provide information about the degradation behavior of the capsules.

Table 3. Application timing and type of fertilizer used in fields C1 and C2 in Fukushima Prefecture.

Date C1 C2

April 2019 Coated fertilizer Coated fertilizer

April 2020 Coated fertilizer Coated fertilizer

April 2021 Normal fertilizer Coated fertilizer

April 2022 Coated fertilizer Coated fertilizer

April 2023 Normal fertilizer Coated fertilizer

We confirmed that a negligible proportion of the capsules were transported in runoff
on rainy days. In addition, nearly 100% of the total capsule runoff load from paddy field B
during the rice harvesting period occurred shortly after ploughing. This was confirmed by
placing a fine mesh net (2 mm mesh) at the discharge pipe of paddy field B in 2022 (Table 1
and Figure 4). Thus, the main focus of this study was to investigate the behavior of the
capsules during the ploughing period.

 

Figure 4. Deployment of 2 mm mesh at the drainage pipe exiting paddy field B (Table 1).
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2. Materials and Methods

2.1. Study Sites and Paddy Conditions

The study was conducted in four paddy fields (fields A, B, C1, and C2) at three sites in
Fukushima and Miyagi prefectures; three paddy fields in Fukushima Prefecture and one in
Miyagi Prefecture (Table 1). Table 1 shows the characteristics of each field. Table 2 shows
the differences in the fertilizer application methods and/or timing employed in the paddy
fields. “Before ploughing” means that fertilizer was applied when the paddy soil was dry
before ploughing (Table 2). “After ploughing” means that the fertilizer was applied at the
same time as rice planting (Table 2).

Paddy fields C1 and C2 were adjacent to each other, and the types of fertilizer applied
to these fields are shown in Table 3.

2.2. Monitoring and Sampling

In 2022, samples of floating and discharged capsules mixed with biomass and soil
particles were collected from rice field ridges at the four paddy fields and at the drainage
pipes. The methods were the same as those shown in Figure 4, but the sampling duration
was shorter (5 min). The timing of the sampling was after ploughing in early May (fields A
and B) and mid-May (fields C1 and C2). Collected samples were dried at room temperature.
Following drying, the sediments were sorted using screens with mesh sizes of 2 and 3 mm.
Subsequently, capsules were manually extracted from the biomass mixtures (Figure 5).

 

Figure 5. Hand sorting of capsules in the 2–3 mm and >3 mm fractions.

During the 2023 survey, we focused on capsules in paddy fields C1 and C2, the
collection and weighing of floating coated fertilizers in C1 and C2, and the C and δ13C
measurements (as described in Section 2.3 below).

2.3. Analyses of Capsule Behavior

The authors evaluated the variations in the mass (weight) of the plastic capsules rela-
tive to biomass fragments > 3 mm in the floated and discharged mixtures in 2022. First, the
floating capsules were categorized into three distinct shapes: shrunken (Figure 6), broken
(Figure 7), and spherical (Figure 8). Subsequently, the weight distributions of floating
capsules in fields C1 and C2 were compared with those of unused coated fertilizer capsules.
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Figure 6. Shrunken plastic capsule.

  

Figure 7. Broken capsule.

  

Figure 8. Spherical capsule.

Randomly selected floating capsules of the three types were obtained from fields C1
and C2 in 2022 (50 capsules of each, except for C2, from which only 25 capsules were
collected). Then, 100 unused coated fertilizer capsules were weighed, and the average
was calculated. Separately, the densities of these capsules were measured. The statistical
significance of the differences among the average weights of the unused coated fertilizer
capsules, and those among the floated capsules in C1 and C2, were analyzed by the t-test.
Also, the statistical differences among the average weights of the three types of floated
capsules in C1 and C2 were analyzed by variance analysis.

2.4. Extent of Coated Fertilizer Capsules in Paddy Fields

To assess the distribution of coated fertilizer capsules in paddy fields, capsules were
collected by inserting transparent acrylic pipes (inner diameter: 180 mm) into the soil at
several locations in paddies C1 and C2 (Figures 9–11).
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Figure 9. Insertion of an acrylic pipe into the paddy soil (to a depth of 15 cm) to collect fertilizer
capsules.

Figure 10. Placement of a soil sample on a 2 mm mesh.
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Figure 11. Washing a sample to remove soil and count the capsules in the sample.

2.5. Chemical Analyses and Sample Preparation

All of the capsules were washed thoroughly with Milli-Q water (Millipore) in an
ultrasonic cleaner. Scanning electron microscope (SEM) images were captured after the
capsules had been sectioned using a microtome and mounted. The segments were then
coated with platinum using a sputtering machine (JEC-3000FC; JEOL, Tokyo, Japan). The
outer and inner surfaces, as well as the freshly cut cross-sections of these segments, were
examined using SEM (JCM7000; JEOL, Japan).

Carbon concentration and carbon isotopic analyses were performed using a continuous
flow system with an elemental analyzer coupled with an isotope ratio mass spectrometer
(EA-IRMS; Delta-V equipped with Flash EA 2000, Thermo Fisher Scientific, Waltham, MA,
USA) at Fukushima University. The methods used were based on protocols used by the
authors previously [26–29]. The isotopic composition was expressed in ‰ and calculated
using the following equation:

δ13C = [(Rsample/Rstandard) − 1] × 1000 (1)

where Rsample is the 13C/12C ratio in the sample, and Rstandard is the 13C/12C ratio in the
standard [30]. The standard reference materials are carbonate in Vienna PeeDee Belem-
nite (PDB). We used DL-α-alanine (Shoko Science Co., Ltd., Yokohama, Japan), L-leucine
(CERKU-04), and L-threonine (CERKU-05) as internal standards to calibrate the δ13C of the
samples [30]. The analytical precision, expressed as the standard deviation for our δ13C
analyses, was within ±0.15‰.

3. Results and Discussion

3.1. Proportion of Floating Capsule Weight to the >3-mm Biomass Fraction

The authors compared the variations in the mass (weight) of the plastic capsules
relative to those of >3 mm fragments screened from floating biomass and discharged
mixtures in 2022 (Tables 4 and 5). The trends in the proportions shown in Table 4 across
four paddy fields appeared to reflect the trends in total nitrogen usage at the sites. At field B,
where farmers are trying to reduce the fertilizer volume, the smallest proportion of floating
capsules was observed among the four fields. A comparison of the proportions shown
in Tables 4 and 5 suggested similar trends, leading to the conclusion that the reduction
in capsule runoff from the paddy fields reflected the reduction in the volume of floating
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capsules. This conclusion should be verified through a comparison of the total floating and
total discharged loads. However, collecting all of the floating and discharged loads is quite
difficult and the authors were unable to accomplish this within the scope of the current
study. This limitation is an important area for future research.

Table 4. Proportion of floating capsule weight to weight of >3 mm biomass fragments in 2022.

Parameter A B C1 C2

>3-mm biomass (g) 849.31 750.52 641.32 167.42

Capsule (g) 68.03 11.07 14.38 6.45

Proportion (%) 8.01 1.47 2.24 3.85

Table 5. Proportion of discharged capsule weight to weight of >3 mm biomass fragments in 2022.

Parameter A B C1 C2

>3-mm biomass (g) 21.08 625.93 654.40 1261.48

Capsule (g) 1.14 12.93 23.20 43.15

Proportion (%) 5.40 2.07 3.54 3.42

3.2. Comparison of Floating Capsule Weight in Fields C1 and C2

Table 4 shows that the proportion of the floating capsule weight in C1 corresponded
to 78.6% of that in C2 in 2022, suggesting that the discharge of capsules from C1 is smaller
than that from C2 because the farmers did not use coated fertilizer in C1 in 2021. The same
comparison in 2022 indicates that the proportion of floating capsules in C1 corresponded
to 17.6% of that in C2 in 2023. The results suggest that the decrease in the floating capsule
weight after the use of coated fertilizer was stopped in 2021 proceeded more rapidly for the
3-year period from 2020 to 2023 than for the 2-year period from 2020 to 2022. These results
are compared with carbon isotopic analyses below.

3.3. Presence of Plastic-Coated Fertilizer within Paddy Soil

Table 6 shows that the depth profile of the coated fertilizer capsules exhibited a clear
peak at 5–10 cm. This pattern can be attributed to the density of the coated fertilizers,
which exceeds unity (>1.3 g/cm3), causing the fertilizer to penetrate deeper into the paddy
soil. The Ministry of Agriculture reported that coated fertilizers typically accumulate
within 10 cm of the surface [1]. Our analysis at 5 cm intervals showed more granular
insights. The age of the fertilizer capsules buried in the soil was estimated based on their
color; white capsules were initially presumed to be newer, although recent findings have
identified some older white capsules. Consequently, while the results shown in Table 6 are
considered to be qualitatively accurate, a more rigorous approach is needed to obtain more
quantitative data.

Table 6. Number of solid coated fertilizer capsules present in different depths of paddy soil.

Field 0–5 cm 5–10 cm 10–15 cm

C1 0 0.33 0

C2 2.00 5.67 2.00

3.4. Carbon Isotopic Analyses

Figure 12 shows the variations in δ13C for the samples collected from field C1 in 2022
and 2023 and from field C2 in 2023 (hereafter referred to as 2022.C1, 2023.C1, and 2023.C2,
respectively). Given that the floating capsules are a mixture of capsules of different ages,
we analyzed the statistical significance of the differences in the average δ13C values across
these three groups. The comparison between the average δ13C values of 2022.C1 and
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2023.C1 assesses whether a population that is 1 year older exhibits a higher average 13C
abundance; the findings demonstrated that this is the case (p = 0.0246). Furthermore, the
comparison between the average δ13C values of 2023.C1 and 2023.C2 investigates whether
the population with the higher proportion of older capsules demonstrates a higher average
13C abundance; the findings demonstrated that this is the case (p = 2 × 10−6). These results
verify that the cessation of coated fertilizer application leads to increases in 13C abundance
due to an increase in the proportion of older capsules.

Figure 12. Variations in δ13C in floating capsules from field C1 in 2022 and 2023 and from field C2
in 2023.

3.5. SEM Analyses and Additional Factors Affecting 13C Abundance

Figure 13 shows an SEM image of the outer surface of a floating capsule. Since no mud
or biota is present on the surface, contamination of the capsule exterior is not of concern.
However, the SEM image of the interior of a floating capsule (Figure 14) shows that some
materials, probably crystallized fertilizer, are present.

 

Figure 13. SEM image of the outer surface of a floating capsule.
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Figure 14. SEM image of the interior surface of a floating capsule, with red circles indicating the
presence of materials such as crystalized fertilizer.

We measured 13C abundance in capsules from unused fertilizer that were rinsed in
Milli-Q water (Millipore) (Figure 15). The results show that the rinsed capsules exhibited
higher δ13C abundance. Analysis of the fertilizer content within the capsules revealed the
presence of urea, which has a very low 13C abundance. These results indicate that the
release of urea from the coated fertilizer increases 13C abundance. This mechanism not
only increases 13C abundance, but also accelerates the degradation of the capsule itself. We
concluded that the observed variation in the 13C abundance, as shown in Figure 16, reflects
the combined effect of capsule degradation and the release of urea, resulting in significant
differences in the average 13C abundance.

Figure 15. δ13C abundance in capsules detached from unused fertilizer (capsules washed and those
not washed).

Further analyses were performed on the differences in the average weight of unused
fertilizer capsules, the 2022.C1 population, and the 2022.C2 population (Figure 16). The
figure shows the weight distribution and average of randomly selected three types of
capsules obtained from C1 and C2 in 2022 (50 capsules each, but 25 capsules in the case
of the spherical capsules from C2) and that of unused coated fertilizer (100 capsules). The
results indicate that the urea constituted a large part of the unused fertilizer by weight.
Also, the average weights of the 2022.C1 and 2022.C2 samples were significantly different
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(p = 0.0013), which might be due to the increased proportion of older capsules in the 2022.C1
samples. Regarding the differences in the three types of floating capsules in 2022.C1 and
2022.C2 (Figures 17 and 18, respectively), a statistically significant difference (p < 0.05) was
observed for both the 2022.C1 and 2022.C2 samples, as estimated by variance analysis.

Figure 16. Weights of unused coated fertilizer capsules and floating capsules from fields C1 and C2
(2022).

Figure 17. Weights of three types of floating capsules from field C1 (2022).
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Figure 18. Weights of three types of floating capsules from field C2 (2022).

4. Conclusions and Future Work

• Intensive surveys were conducted in four paddy fields Fukushima and Miyagi prefec-
tures in 2022 and 2023 to investigate the behavior of floating and discharged plastic
capsules, originally used as coated fertilizer and degraded over time. Understanding
the floating behaviors of these capsules after ploughing is critical for assessing their
role in the serious issue of plastic runoff. The capsules collected from the paddy fields
represent a mixture of different ages, each having been subjected to a variety of differ-
ent processes, such as degradation and leaching. Therefore, the primary objective of
the present study was to clarify the average behaviors of different capsule populations.

• Comparisons of the proportion of the floating capsules to >3 mm biomass fragments
between two distinct populations were conducted. Population 1 consisted of floating
capsules from a field with continuous use of coated fertilizer, while Population 2 con-
sisted of floating capsules from a field with intermittent coated fertilizer application.
The results revealed that significant degradation of the capsules typically occurred
more than 2 years after the application of the coated fertilizer to the paddy fields.

• Marked differences in the proportions as well as the variations in δ13C values were
observed between the two populations after 3 years. The enhancement in δ13C values
can be attributed to both the degradation of the capsules in the paddy soils and the
release of urea from within the coated fertilizers, which collectively contribute to
increasing δ13C values over time.

• The weight of each capsule was measured, revealing statistically significant differences
between the two populations, in addition to variations in δ13C. A high degree of
consistency was observed in the variation in the variations concerning the weight
proportion of the floating capsules relative to that of >3 mm biomass, the weight of
individual floating capsules, and δ13C values.

For future work, it is essential to quantify the capsules that float, the capsules that are
discharged, and the capsules that are retained within the paddy soils, and to develop a mass
balance model. Key parameters for this model might include the mechanical efficiency of
ploughing, the ratios of discharged to floating capsule weights, and the degradation rates
of capsules under various conditions. Conducting both full-scale and controlled indoor
experiments are considered necessary to validate the model.

121



Water 2024, 16, 1782

The indoor experiments are expected to quantify the degradation rates of the cap-
sules under different physical, chemical, biological, and ecological conditions. While the
approach employed in this study to estimate the average behavior of each population
effectively clarified the role of phenomena occurring in the actual paddy field environment,
a more precise approach is required to analyze the factors affecting the individual phe-
nomena. Therefore, controlled indoor experiments are strongly recommended to provide
detailed insights into these complex interactions.

Subsequent full-scale monitoring is expected to elucidate the variations in parameters
and the causal relationships underlying these variations. For instance, one observation
in Field B in 2022 after ploughing involved collecting all of the discharged biomass with
capsules at the end of the discharge pipe, as shown in Figure 4. It was observed that the
quantity of discharged capsules and biomass was significantly smaller than that which
floated after ploughing (Figure 19). This reduction was due to the farmer’s efforts to
mitigate the environmental impact of paddy discharge. Contrasting results were observed
in other fields, where the volume of discharged biomass and capsules was affected by the
water level at the discharge pipe, which varied due to farmers’ operations. Attention must
be paid to the differences in water levels across paddy fields, as well as to discharge veloci-
ties. The parameter “the ratio of discharged capsule weight to that of floating capsules” is
quite effective for analyzing capsule behavior and for developing capsule runoff reduction
methodologies in close collaboration between farmers and researchers.

 

Total discharged  
biomass and capsules 

after ploughing 

Sample of floating  
biomass and capsules 

after ploughing 

Figure 19. Comparison of all discharged biomass and capsules with a portion of floating biomass
and capsules after ploughing Field B (see Table 1), during reduced discharge volume.

Another important aspect of understanding capsule behavior involves assessing the
differences in degradation and urea release rates among the three capsule types, i.e.,
shrunken, broken, and spherical. Marked differences among these types suggest potential
differences in urea release rates. Ongoing SEM analyses are anticipated to better clarify the
differences among the three types of capsules.

Moreover, the chemical analyses, especially the δ15N analyses coupled with CN
composition assessments, are expected to provide a more precise understanding of the
degradation and urea release behaviors of various capsules.
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Abstract: This study investigates the presence of microplastics in tap drinking water and evaluates
the efficacy of various sorbents for their removal in the context of Kazakhstan’s water treatment
system. Water samples taken in the cities of Kokshetau and Krasny Yar (Akmola region) were
analyzed. Microplastics were detected in all samples, with concentrations ranging from 2.0 × 10−2

to 6.0 × 10−2 particles/dm3, predominantly in fiber form (74.1%). Outdated technologies and non-
compliance with treatment regimens contribute to poor water quality, including high turbidity (87% of
samples), color deviations (40% of samples), and acidity issues (20% of samples). To address these
challenges, the study examined the sorption efficiency of different sorbents, with results indicating
high retention rates (82.7–97.8%) for microplastic particles. Notably, aliphatic structures like PE
and PP exhibited higher retention than PET. Among the sorbents tested, the synthesized carbon
sorption material (CSM) demonstrated the highest efficiency in both microplastic retention and
improvement in water quality parameters, making it a promising option for water treatment facilities
and household filters.

Keywords: microplastic; tap water; Kazakhstan water treatment technologies; drinking water quality;
microplastic sorption

1. Introduction

Microplastics, particles smaller than 5 mm, pervade various environmental objects,
as evidenced by ongoing scientific investigations worldwide. Documentation exists on
their presence in natural waters [1,2], soils [3,4], atmospheric air [5,6], wastewater [7], and
municipal solid waste landfills [8]. Initial studies exploring microplastic contamination
of drinking water date back to 2017, encompassing examinations of raw and treated
water from treatment facilities, tap water, and bottled water [9,10]. Disparities emerge in
microplastic concentrations between natural and treated waters, attributed to the lesser
susceptibility of groundwater to anthropogenic influences [11].

Nevertheless, the quantification of microplastics in drinking water yields variable
data. For instance, in ref. [12], no microplastic particles were discerned, despite employing
an analytical method with a relatively high detection limit (60 μm). Conversely, ref. [11]
identified minute concentrations, averaging 0.7 microplastics/m3.

The concentration of microplastic fragments increases inversely with particle size,
with the regular fragmentation contributing to heightened levels in smaller particles. Con-
sequently, analyses of microplastics smaller than 10 μm in mineralized drinking water [13]
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unveiled elevated concentrations (656.8 μg/L). Notably, nanomicroplastics, ranging from
0.7 to 20 μm, were detected in Barcelona tap water at notable concentrations, up to 19 μg/L.
Diverse polymers such as polyethylene (PE), polypropylene (PP), polyisoprene (PI), polybu-
tadiene (PBD), polystyrene (PS), polyamide (PA), and polydimethylsiloxanes (PDMS) have
been identified [14].

Furthermore, studies commonly report higher concentrations of microplastics in
bottled water compared to tap water, potentially linked to contamination from plastic pack-
aging materials (e.g., caps and bottles) [15]. Researchers also explore the size distribution of
microplastics in drinking water. Disparities in particle size between raw and treated water
are documented in [16], where particles larger than 125 μm predominate in raw water,
while those between 20 nm and 125 μm are prevalent in treated water.

Understanding the origins of microplastic contamination of drinking water is also a
subject of investigation. The primary source of contamination of treated drinking water may
be the materials used in containers (e.g., water pipes, bottles) [17]. Additionally, potential
secondary contamination may arise from the erosion of plastic pipes within the water
supply system [17,18]. The choice of pipe materials is assumed to significantly influence
the migration of microplastics during water conveyance and storage. Notably, tap water in
contact with polymer pipes exhibits the highest average concentrations of microplastics
(polyvinyl chloride (PVC), polyamide (PA), polypropylene (PP), polyethylene (PE), and
polyethylene terephthalate (PET)).

The primary forms of microplastic content in drinking water include PET, PP, and PE
fibers [16], as well as films [19]. Concerns arise regarding the presence of microplastics
in natural waters (potential sources of drinking water) and treated drinking water [19,20],
particularly due to the potential ingestion of microplastics through swimming or drinking.
Moreover, published data highlight the detection of microplastics in aquatic organisms [21,22],
food items [23], and human organs [24,25], suggesting a potential trophic transfer of
microplastics through the food chain [26], thereby raising concerns about the potential
toxic risks to human health associated with the ingestion of microplastics in food and
water [27–29].

Reports documenting the presence of microplastics in water are widespread across
various regions worldwide, including North and South America [30,31], Asia [32], and
Europe [10,33]. However, there has been no systematic monitoring of microplastics in the
environment in Kazakhstan. Kazakhstan, ranked 93rd out of 180 countries in the Environ-
mental Performance Index [34] in 2022 and 76th out of 85 in 2023 [35], faces significant
environmental quality challenges, particularly concerning the quality of drinking wa-
ter [36,37]. Consequently, efforts by Kazakhstani authorities and scientists primarily focus
on achieving drinking water quality according to standardized indicators, which currently
do not include microplastics. Kazakhstani scientists initiated the study of microplastic
distribution in human-contact media only in 2022, funded by the Ministry of Science and
Higher Education. The widespread use and unregulated disposal of plastics, coupled with
a deficient waste management system, pose significant risks of plastic waste pollution in
Kazakhstan’s natural environment, potentially serving as sources of microplastics in the
soil and natural waters [38,39]. The absence of standards and quality control measures for
drinking water regarding microplastic content heightens the likelihood of these pollutants
entering the Kazakhstani population’s bodies through drinking water consumption.

The aim of this study is to assess the presence of microplastics in tap water and, by
analyzing the current water treatment infrastructure, identify optimal filtration materials
for microplastic removal in Kazakhstan. However, purifying water from microplastics
presents a formidable challenge. Microplastics represent a diverse group of emerging pol-
lutants with varying structures, sizes, and densities, compounded by their inert properties,
rendering them resistant to removal from water [40,41]. Existing water treatment systems
exhibit variable efficacy in trapping microplastics, contingent upon factors such as size,
nature, and technological sophistication [7,42]. A straightforward approach in drinking
water treatment involves passing water through filter media, where the effectiveness of
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microplastic removal hinges on the pore size of the filter medium. In resource-constrained
settings like Kazakhstan, quartz sand serves as a readily available and cost-effective filtering
material in drinking water treatment systems. Nonetheless, zeolites and coals, including
those indigenous to Kazakhstan, demonstrate notable sorption capabilities against organic
contaminants, heavy metals, and radionuclides [43–46]. Published findings suggest that
sand filters could be replaced effectively by aluminosilicate filter media [47], and zeolites
have shown promise in microplastic treatment in wastewater [48], while granular coals,
when combined with ion exchange and microfiltration, have demonstrated efficacy in
removing certain microplastic types [49].

However, research on microplastic water treatment primarily focuses on wastewater
and is limited to specific types and sizes of microplastics. Moreover, studies on water
treatment for microplastics are comparatively scant, falling short of evidence substantiating
their presence in water. There is a dearth of sorption studies for domestically produced
plastics in the Kazakhstani market utilizing locally sourced sorbents. Consequently, investi-
gating microplastic content in local tap water as an indicator of water treatment system
efficiency in Kazakhstan and evaluating the viability of incorporating local zeolites, acti-
vated carbon sorbents (derived from local organic waste) and widely available ion-exchange
resins into the sorption complex represents novel and pertinent research. The outcomes
of this study will contribute to a better understanding of drinking water quality and offer
guidance for effective management of water treatment systems in Kazakhstan in terms of
microplastic content.

2. Materials and Methods

2.1. Methods of Sampling and Analyzing Tap Water

To assess microplastic particles and physicochemical parameters in tap water, 15 water
samples were collected over the course of one month from various buildings in Kokshetau
city and Krasny Yar village, located in the Akmola region of Kazakhstan. These buildings
exhibit varying degrees of water supply system degradation, including flats with central-
ized water supply in multistory buildings and individual houses with water supply pipes
constructed between 1960 and 2008.

Figure 1 illustrates the geographical location of Kokshetau and Krasny Yar within the
Akmola region, while Figure 2 and Table 1 provide details regarding the specific sampling
points for tap water within these two cities.

Figure 1. Location of Kokshetau city inside the Akmola region in Kazakhstan.
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Figure 2. Location of tap water sampling points inside Kokshetau and Krasny Yar.

Table 1. Universal Transverse Mercator (UTM) coordinates of the sampling points.

Sample No. UTM X UTM Y Sample No. UTM X UTM Y

1 53.289008 69.404590 9 53.252827 69.359687
2 53.274207 69.405828 10 53.264980 69.371940
3 53.289204 69.391170 11 53.277500 69.361754
4 53.289488 69.392308 12 53.292318 69.336518
5 53.293338 69.386138 13 53.329990 69.253996
6 53.292478 69.386359 14 53.322229 69.264094
7 53.306466 69.389917 15 53.271033 69.428809
8 53.302045 69.427693

Tap water sampling for microplastic analysis was conducted directly at the water
source following the protocol outlined in [50]. Microplastic extraction from water was
accomplished using a custom-designed filtration device, which comprised a plastic slip-on
coupling with sealing gaskets measuring 110 mm in diameter, featuring a transition from
polypropylene. This transition tightly joined with the coupling, as detailed in [51], and
connected to a Sefar polyamide filter with a diameter of 120 mm and a mesh size of 300 μm.
During tap water sampling, 100 dm3 of water was passed through the polyamide filter.
The volume of water drawn was controlled using a metal bucket with a capacity of 10 dm3.
Before each filtration, the bucket and filtering device underwent thorough rinsing with
distilled water. Subsequently, the filters were placed in labeled glass petri dishes and
transported to the laboratory for further analysis.

The surface of the filters was washed with distilled water, and the filter washes were
collected in glass heat-resistant beakers. The collected samples underwent non-destructive
oxidation for plastics, followed by density separation and the collection of microplastics on
filters for subsequent optical identification [52–55]. To prevent microplastic degradation,
the filters were dried in a desiccator at a temperature not exceeding 35 ◦C within closed
petri dishes [56]. The dried filters were then examined under a DTX 500 LCD Levenhuk
microscope with photoregistration at magnifications ranging from 100 to 500 [57–59]. The
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concentration of particles/dm3 was calculated based on the volume of water filtered
through the filter [60].

In the study, measures were taken to prevent cross-contamination of samples with
microplastic according to quality criteria [61–63]. The estimation of microplastic particle
losses at different stages of the study was carried out by introducing a mixture of microplas-
tics of different compositions into blank samples and further extraction of a known number
of colored particles. According to the results of the positive control, the recovery rate of
microplastics of the 170–300 μm fraction was 80.32 ± 6.01%.

Analysis of physicochemical parameters of water was carried out according to State
mandatory standards 31868-2012 [64], 3351-74 [65], 26449.1-85 [66] and ISO standard
4316-2019 [67].

2.2. Methodology for Sorption Treatment of Water from Microplastics

The investigation into the removal of microplastics from drinking water was conducted
using model waters representing the most common types of plastics (PET, PP, PE) utilized
for transporting or storing drinking water in Kazakhstan. To generate plastic microparticles,
PET bottles and water pipes made of PP and PE were crushed using a homemade crusher,
grinding equipment, laboratory mill, and other methods. The resulting shredded particles
were then sieved using a Lab-VIBSIEVE-8 electric vibrating screen (Bessaiman Group LLP,
Almaty, Kazakhstan) to obtain fractions with sizes of 0.45 mm, 0.2 mm, 0.105 mm, and
0.0063 mm.

Sorption materials were chosen based on their availability and widespread application
in water treatment in Kazakhstan and globally [68–71]:

• Carbon sorption material (CSM), obtained by carbonizing apricot pits, an annually
renewable waste material from plant sources.

• Zeolite sourced from the Chankanaisky zeolite deposit in the Kerbulak district of the
Almaty region, Republic of Kazakhstan. This zeolite is a medium-porous material with
a brown hue, featuring particle sizes not exceeding 2–4 mm. Its generalized formula is
Kx/n [Alx Si Oy2 (x + y)] × pH2O, where K represents alkali and alkaline-earth metal
cations, ammonium, etc., p denotes cation charge, y/x = 1:6, and p/x = 1:4.

• A complex comprising activated carbon sorption material (CSM) and ion exchange
resins, specifically anionite Ecotar-B and cationite KU-2-8, utilized in household filters
for drinking water treatment at a ratio of 1:1:1 (CSM:anionite:cationite).

The carbon sorption material was derived from the carbonization of apricot pits,
which are agricultural industry by-products. Dried apricot pits were crushed into particles
ranging from 2 to 4 mm in size and then placed in a carbonization reactor. The carbonization
process was conducted under precisely controlled isothermal conditions (at a temperature
of 850 ◦C) within a rotating reactor, and the environment was filled with an inert gas
(argon), supplied into the reactor at a constant rate of 50 cm3/min. Following carbonization,
the samples were activated using a potassium hydroxide solution in a 1:2 ratio.

Electron microscopy was employed to examine the morphological and structural
characteristics of the synthesized carbon sorption materials (CSMs) using a Quanta 3D
200iDualSystem (FEI company, Hillsboro, OR, USA), an FEI double-beam microscope that
integrates scanning electron microscopy (SEM) and ion scanning microscopy. Additionally,
it features an integrated energy-dispersive microanalysis system. The specific surface area
of the sorbents and the specific pore volume were determined on a Sorbtometer-M analyzer
manufactured by Katakon LLP (Novosibirsk, Russia) using the Brunauer–Emmet–Teller
low-temperature nitrogen adsorption method [72]. This method is associated with the
evacuation of air and moisture from the sample by heating (to 200 ◦C) under high vacuum,
which makes it impossible to determine the specific surface area and specific pore volume
of sorption materials of organic origin, such as ion exchange resins.

The elemental composition of the sorbents, including a sample of carbon sorption
material and zeolite, was determined using an energy dispersive spectrometer, which serves
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as an auxiliary device of the Quanta 3D 200iDualSystem scanning electron microscope
(refer to Tables 2 and 3 for detailed results).

Table 2. Elemental composition of CSM (%).

Chemical Element C O Si K Ca

Share (%) 92.45 6.87 0.06 0.17 0.44

Table 3. Elemental composition of zeolite (%).

Chemical Element C O Na Mg Al Si K Ca Fe

Share (%) 8.52 60.09 0.52 1.15 6.91 19.29 0.68 1.62 1.22

As shown in Table 2, 92.45% of the composition of CSM is carbon. The EDX spectrum of
carbon sorption material is shown in Figure 3. The energy-dispersive spectrum of elemental
composition of zeolite is presented in Figure 4. The main element in the composition of
zeolites is oxygen (60.09% of the total composition), as shown in Table 3.

 

Figure 3. EDX spectrum of carbon sorption material.

 

Figure 4. EDX spectrum of the zeolite.

The energy-dispersive spectrum of the elemental composition of the sorbent (ion
exchange resins) was established using an energy-dispersive X-ray analyzer built into a
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JSM-6490LA scanning electron microscope (JEOL Ltd., Tokyo, Japan) and is presented in
Figure 5.

Figure 5. EDX spectrum of the sorbent (CSM + ion exchange resins).

The main element in the composition of sorbent (CSM + ion exchange resins) is carbon
(84.06%), as shown in Table 4. There is a decrease in carbon content and an increase in
oxygen content in comparison with the original CSM.

Table 4. Elemental composition of the sorbent (CSM + ion exchange resins), %.

Chemical Element C O Al Si Ca In

Share (%) 84.06 14.03 0.75 0.61 0.35 0.20

Glass columns containing sorbent materials (CSM, zeolite, complex of CSM + ion-
exchange resins) were prepared for purifying water from plastic microparticles. Prior to
sorption, the columns were rinsed with distilled water (300 dm3 volume) to remove any
fine dust-like particles of sorbents. Model solutions of polymers (PET, PP, PE) were created
by mixing 0.2 g of microplastics of a specific fraction in 10 dm3 of distilled water. The mass
of microplastics before and after sorption was measured using a RADWAG 220R2 analytical
scale (RADWAG Wagi Elektroniczne, Radom, Poland) with an accuracy of ±0.0001 g.

The prepared model solutions of microplastics were then passed through the sorbent
columns, followed by washing the columns with 200 mL of distilled water. The water that
passed through the columns was collected for subsequent optical analysis.

Samples of the initial plastics used to prepare the model solutions were analyzed
using infrared (IR) spectroscopy on a Shimadzu IR-Prestige 21 instrument (Shimadzu
Corporation, Kyoto, Japan) in the wavelength range of 4000–400 cm−1. The IR spectra were
obtained without special sample preparation using the DuraSampl IR II (Smiths detection,
Danbury, CT, USA) broken total internal reflection attachment with single reflection (prism
material diamond on ZnSe substrate). To identify polymers, we analyzed absorption bands
caused by stretching and bending vibrations of groups characteristic of certain types of
polymers. IR spectra were compared with library databases such as IRs Polymer2, Polymer,
T-Polymer and T-Organic in order to identify the structures of polymers that are difficult to
interpret (PET, microplastics found in tap water).
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3. Results and Discussion

3.1. Analysis of Technological Processes of Water Treatment in Kazakhstan

Surface water sources constitute the primary source of drinking water for the pop-
ulation of cities in Kazakhstan, accounting for 96.1% of supply, with centralized water
supply serving 94.7% of the population. Among these, 14.6% of the population utilizes
standpipes [73].

The construction of water supply systems in Kazakhstani cities began in the early
1950s, with significant development occurring between 1960 and 1970. During this period,
extensive water supply and sewerage infrastructure was established, resulting in a total
urban water supply network length of 23.44 thousand kilometers. However, prolonged
operation without adequate maintenance and timely renovation has led to considerable
wear and tear of the fixed assets within water supply and sewerage systems. Consequently,
the technical condition of water supply and drainage systems in most cities and towns of
Kazakhstan is deemed critical [74]. The fundamental processes of drinking water treatment
technology within the water supply system are depicted schematically in Figure 6.

Figure 6. Technological scheme of water intake and treatment of water treatment facilities in Kaza-
khstan.

A conventional purification scheme is implemented to clarify and treat water entering
the municipal water supply, encompassing the following processes.

• Mechanical cleaning: Coarse debris is removed through screening or gridding.
• Settling: Preliminary removal of suspended solids occurs in settling tanks (radial or

horizontal).
• Coagulation: Reagents such as iron chloride or aluminum sulfate are used to induce

coagulation.
• Flocculation: Aggregation of particles into larger masses for easier removal.
• Alkalization: Water may be alkalinized with a calcium hydroxide solution if necessary.
• Clarification: Large impurities precipitate and settle in settling tanks for 3–4 h after

coagulation and flocculation.
• Filtration: Final clarification and removal of bacteria, and small impurities are achieved

through rapid filtration. Quartz sand (Kokshetau) or a combination of quartz sand
and silica (Almaty) serve as filtering materials.
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• Disinfection: Water is disinfected by chlorination to maintain residual free chlorine
content in the supplied water at 0.3–0.5 mg/L. Currently, water disinfection is ac-
complished using sodium hypochlorite (NaClO) solution produced from table salt at
electrolysis plants.

• Fluoridation: Fluoride content in drinking water is adjusted at the fluorator unit when
it falls below 0.5 mg/L, raising it to a concentration of 0.9–1.2 mg/L. Sodium fluoride
is typically used as the reagent.

The treated water is conveyed to clean drinking water tanks, from where it is distributed
to consumers through gravity and pumping stations within the distribution network. Quality
control of treated drinking water is conducted to ensure compliance with sanitary norms [75],
which presently do not stipulate limits on the content of microplastic particles.

Analysis of the technological process of drinking water treatment in Kazakhstan has
enabled an assessment of its potential efficacy in retaining particles smaller than 5 mm.
The disinfection stage, particularly chlorination, may impact the structure of polymers,
indirectly influencing their sorption and sedimentation capacity. However, there is no
definitive consensus on the effect of chlorination on the degree of microplastic removal
from drinking water [76,77]. Due to the unique physicochemical properties of microplastics,
characterized by a small surface area and minimal porosity, their removal from water is
primarily influenced by mechanical processes such as filtration and sedimentation, as well
as the physicochemical process of coagulation [78–80].

In Kazakhstan, mechanical filtration of treated water is performed through screens
and grids featuring vertical or inclined metal bars spaced at regular intervals (15–20 mm
or more) to create a mesh-like structure (Figure 7a). This design anticipates that natural
water pretreatment on these grids can effectively capture macroplastic particles larger than
15–20 mm. Subsequently, water coarse-filtered from larger impurities on the meshes/grids
undergoes further treatment in sedimentation tanks (Figure 7b), engineered to retain
suspended solids larger than 0.2–1 mm [81].

Figure 7. (a) Grate system for coarse debris removal at Kokshetau, and (b) radial settling tank for
fines removal at Almaty.

The potential efficacy of the coagulation stage within the Kazakhstani water treatment
system can be assessed based on findings from published studies. For instance, in ref. [82],
the efficiency of microplastics removal using coagulants derived from Al and Fe salts
in the presence of sodium dodecylbenzenesulfonate was reported as 95.92% and 98.9%,
respectively. However, the specific size range of effectively removed microplastic particles
was not specified in the study. Conversely, in [83], it was observed that with the coagulant
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Al2(SO4)3, the deposition rate of pure plastic remained below 2.0% for all plastic particle
sizes. Even with the addition of the coagulant PolyDADADMAC, the maximum removal
achieved was only 13.6% for particle sizes ranging from 45–53 μm. The authors highlighted
that the critical size at which microplastic removal efficiency significantly decreased was
within the range of 10–20 μm. However, the sequential combination of coagulation and
sand filtration was found to completely remove microplastics larger than 45 μm [84].

Thus, by adhering to the prescribed technological process regimes of drinking water
treatment in Kazakhstan, it is feasible to retain microplastic particles larger than 45 microns.
However, the non-compliance with water treatment protocols in Kokshetau city, such as the
absence of coagulation and flotation units, coupled with a limited number of sand filters
with low productivity, results in the presence of microplastics in tap water samples from
Kokshetau city, particularly in sizes exceeding 300 μm (refer to Section 3.2).

3.2. Microplastics in Tap Water

The results of the physicochemical analysis of 15 water samples for color, turbidity,
pH, acidity, and microplastic content are summarized in Table 5.

Table 5. Results of physicochemical analysis of the tap water samples.

Sample No.
Color

(Degrees)
Turbidity
(mg/dm3)

pH
Oxidization

(mg/dm3)
Microplastic Concentration

(Particles/dm3)

MPC ≤20 ≤1.5 6–9 ≤5 -

1 18 9.51 6.82 6.8 4.0 × 10−2

2 11 4.52 6.81 5.4 4.0 × 10−2

3 15 3.42 6.80 5.8 4.0 × 10−2

4 14 4.13 6.83 4.7 2.0 × 10−2

5 37 5.22 6.82 3.3 2.0 × 10−2

6 23 2.64 7.01 3.3 6.0 × 10−2

7 22 3.10 7.10 3.2 6.0 × 10−2

8 32 3.13 7.12 3.2 6.0 × 10−2

9 18 3.82 7.13 2.4 2.0 × 10−2

10 35 2.91 7.04 2.9 4.0 × 10−2

11 29 3.50 7.10 3.2 2.0 × 10−2

12 16 1.90 7.03 2.8 2.0 × 10−2

13 6 0.34 7.12 0.7 2.0 × 10−2

14 7 0.46 7.10 0.8 4.0 × 10−2

15 26 4.93 7.02 2.9 4.0 × 10−2

Analysis of Table 5 reveals inconsistencies in the quality of drinking water across the
majority of samples, potentially attributable to the degradation of water supply networks
and the subpar quality of water provided by the Kokshetau Su Arnasy water treatment
facilities. Exceedances of sanitary and hygienic quality standards for drinking water are
observed in the following parameters.

• Turbidity: Exceedance in 87% of samples (ranging from 1.26 to 6.33 times the maximum
allowable concentration).

• Color: Exceedance in 40% of samples (ranging from 1.10 to 1.85 times the maximum
allowable concentration).

• Acidity: Exceedance in 20% of samples (ranging from 1.1 to 1.36 times the maximum
allowable concentration).

Only two samples, collected from private houses in Krasny Yar village (samples 13
and 14), comply with sanitary–hygienic norms. These samples from Krasny Yar village met
the standards for the studied indicators.

All tap water samples exhibit the presence of microplastics in various forms, as de-
picted in Figures 8 and 9. Fiber-shaped microplastics (acrylic, viscose, polyamide) comprise
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the majority, accounting for 74.1% of the total number of microplastic particles, followed by
fragments at 22.2% (polyethylene terephthalate, polypropylene, and polystyrene). Addi-
tionally, one particle (3.7%) in the form of a film (polyimide) was identified. These findings
are consistent with published data, indicating that fibers dominate over fragments and
other forms of microplastic in drinking water, often comprising up to 90% of the total
microplastic content [85]. The Supplementary Materials presents FTIR spectra of the types
of microplastics found in tap water and their identification in Figures S1–S14.

 

Figure 8. Examples of microplastic fibers found in tap water samples.

Figure 9. (a) Fragments, and (b) films of microplastics found in tap water samples.

The microplastic content in the analyzed tap water samples ranges from 2.0 × 10−2 to
6.0 × 10−2 particles/dm3, aligning with published data worldwide, which typically ranges
from 1 × 10−4 to 100 particles/dm3 [11].

Table 6 presents a comparison between the concentration of microplastics observed in
this study and those reported in several previous studies conducted at various sites world-
wide.
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Table 6. Comparison with results from previous research about microplastic concentration in tap
water.

Reference Location Number of Samples
Microplastic Concentration

(Particles/dm3)

This study Kokshetau and Krasny Yar (Kazakhstan) 15 4.0 × 10−2–6.0 × 10−2

[23] Central region (Saudi Arabia) 2 1.8
[86] Barcelona city (Spain) 21 0–5.0 × 10−2

[40] Tianjin (China) 1 13.23
[87] Zahedan (Iran) 10 7.5 × 10−2–40.0 × 10−2

[88] Mexico City (Mexico) 42 5.0–91.0
[11] North-western region (Germany) 24 1 × 10−4–100
[89] England and Wales (UK) 39 0–2.4 × 10−2

[90] Baden-Wurttemberg (Germany) 2 0.6 × 10−2–7.4 × 10−2

[91] Chongqing (Southwest China) 1 1.4
[92] Gauteng (South Africa) 30 4.7–31
[93] Denmark 17 8.0 × 10−2–60.0 × 10−2

[94] Japan 28 29–45

The results shown in Table 6 demonstrate that the concentration of microplastics found
in Kokshetau city and Krasny Yar village is similar to those found in Barcelona [86] and
England and Wales [89]. It has been observed that the tap water quality in Kokshetau City
and Krasny Yar village, in terms of microplastic concentration, is better than in the rest of
the case studies found in the scientific literature. However, the detection of microplastic
particles in 100% of the analyzed tap water samples, coupled with the unsatisfactory quality
of water based on physical and chemical indicators, underscores the necessity to explore
new technological solutions for the water treatment system in Kazakhstan, particularly
focusing on sorption processes.

The detection of microplastic particles in 100% of the analyzed tap water samples,
coupled with the unsatisfactory quality of water based on physical and chemical indicators,
underscores the necessity to explore new technological solutions for the water treatment
system in Kazakhstan, particularly focusing on sorption processes.

3.3. Treatment of Water from Microplastics by Sorption Methods

Our study departed from using standard polymer granules of known quality and
instead employed grinding to mimic the forms of microplastics found in water more
accurately. In identifying plastics, the study considered the infrared (IR) spectrum of PET,
which exhibits absorption bands characteristic of out-of-plane and in-plane vibrations of
the benzene group, stretching vibrations of the C=O bond of ester groups, the carbonyl
group C=O conjugated with the benzene ring, and asymmetric stretching of the C-O-C
group (at 721, 870, 1018, 1246, 1710, and 1095 cm−1, respectively).

Polypropylene was identified based on the presence of absorption bands characteristic
of stretching and bending vibrations of CH, CH2, and CH3 groups in its IR spectrum (at
2950, 2918, 2836, 1456, and 1376 cm−1). Similarly, the IR spectrum of PE contains absorption
bands (at 2916, 2846, 1468, and 717 cm−1) arising from stretching and bending vibrations of
the CH2 group [95]. Furthermore, the complex structure of PET was further elucidated by
comparing its FTIR spectrum with those in polymer library databases. The Supplementary
Materials present the spectra of polymers used in the sorption process in Figures S15–S18.

The efficacy of the selected sorbents in retaining microplastics (PET, PP, PE) of various
fractions was also assessed (Table 7).
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Table 7. Sorption efficiency of microplastic by different sorbents (%).

Polymer
Fractional Size of Microplastic (mm)

0.105 0.2 0.45

Complex (CSM + ion exchange resins)
PET 82.7 85.2 86.0
PE 91.7 92.1 93.6
PP 85.8 85.7 89.9
Average efficiency by sorbent 86.7 87.7 89.8

Zeolite
PET 91.0 91.3 91.2
PE 90.2 90.8 94.3
PP 89.9 90.0 92.8
Average efficiency by sorbent 90.4 90.7 92.8

Carbon sorption material (CSM)
PET 92.7 92.6 93.3
PE 95.3 97.2 97.8
PP 95.0 94.9 96.8
Average efficiency by sorbent 94.3 94.9 96.0

The sorption findings demonstrate a high retention of microplastic particles by the
investigated sorbents, ranging from 82.7% to 97.8%. These results from weight analysis
were corroborated by optical microscopy examinations of aqueous solutions before and
after filtration through the sorbents. Figures 10–12 show microphotographs of water
samples containing PET, PP, and PE microparticles (0.45 mm fraction as an example) after
filtration through columns containing the examined sorbents.

Figure 10. Microphotographs of water samples with 0.45 mm PET microparticles before and after
sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins); (c) zeolite;
(d) CSM.
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Figure 11. Microphotographs of water samples with PP microparticles of 0.45 mm fraction before
and after sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins);
(c) zeolite; (d) CSM.

Figure 12. Microphotographs of water samples with 0.45 mm PE microparticles before and after
sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins); (c) zeolite;
(d) CSM.

Optical scanning microscope studies revealed that in all solutions filtered through
the sorbents, there was virtually no microplastic content of any fraction. The utilization
of zeolite for microplastic retention at filter stations in the Kazakhstani drinking water
treatment system can be justified due to its high efficiency in retaining microplastic particles
(PP, PE, PET), ranging from 90.4% to 92.8%. However, the denser structure of zeolite, as
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opposed to the uneven and rough surface of highly porous CSM, as established by scanning
microscopy (Figure 13), demonstrates lower microplastic retention. Specifically, the average
efficiency of PP retention on zeolite is 91.3%, while on CSM it is 95.1%.

Figure 13. Electronic images of CSM structure (a) and zeolite structure (b).

The hydrophobic structure of CSM, with a high specific surface area (475 m2/g) and its
porosity (specific pore volume—0.0642 cm3/g) create significantly more potential sites for
the sorption of inert microplastics in comparison with zeolite (specific surface area—7 m2/g,
specific pore volume—0.0091 cm3/g) [96,97].

The addition of ion exchange resins to the CSM diminishes its sorption capacity against
all types and sizes of microplastics. It is likely that ion exchange sorbents are not effective
against inert microplastic particles. Furthermore, ion exchange resins compete with mi-
croplastic particles during sorption on free cavity carbon sorbent (CSM). Consequently,
the average efficiency on the mixed sorbent averages 88.1%, decreasing with decreas-
ing microplastic fraction size from 89.8% (for 0.45 mm particles) to 86.7% (for 0.105 mm
particles).

The highest degree of retention of PE particles was observed, with an average efficiency
of sorption on the three sorbents reaching 93.7%. Following PE, PP exhibited the next-
highest retention, with an average sorption efficiency on the three sorbents at 91.2%. PET
showed a lesser degree of sorption retention (89.6%). These results may suggest the
predominance of hydrophobic effects in the sorption of aliphatic compounds (PE, PP) over
π–π donor–acceptor interactions, which are characteristic in the case of carbon affinity
for compounds containing an aromatic ring (PET). Thus, based on their ability to retain
microplastic particles, the studied sorbents can be ranked in the following order, according
to the degree of efficiency reduction: carbon sorbent (CSM) > zeolite > complex (CSM + ion
exchange resins).

The efficiency of drinking water treatment from microplastics should also ensure the
improvement of the treated water quality according to standardized indicators, generally
accepted in the world and Kazakhstan practice. This primarily concerns the content of
suspended substances of organic and inorganic nature capable of sorbing microplastic
particles, as determined in the study by color, turbidity, and oxidizability. The results of the
study on the effect of selected sorbents on the physicochemical parameters of water—color,
turbidity, and acidity—as well as on the ability of these sorption processes to alter the
acid–base balance of treated water are presented in Table 8.
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Table 8. Results of physicochemical analysis of water before and after sorption.

Sample

No.

Color

(Degrees)

Turbidity

(mg/dm3)
pH

Oxidization

(mg/dm3)

Initial Final
EFFICIENCY

(%)
Initial Final

Efficiency

(%)
Initial Final

Efficiency

(%)
Initial Final

Efficiency

(%)

Sorbent 1—Zeolite

1 10 1 90.0 1.87 1.41 24.6 8.05 7.52 6.5 132.0 0.67 99.5
2 9 0 90.0 1.87 1.43 23.5 7.96 7.53 5.4 132.8 0.70 99.5
3 10 1 90.0 1.90 1.51 20.5 8.00 7.53 5.8 132.7 0.60 99.5

Sorbent 2—CSM

1 10 0 100.0 1.87 0.50 73.3 8.05 7.38 8.3 132.0 0.32 99.8
2 9.0 0.0 100.0 1.87 0.46 75.4 7.96 7.38 7.2 132.8 0.25 99.8
3 10 0 100.0 1.90 0.48 74.7 8.00 7.39 7.6 132.7 0.30 99.8

Sorbent 3—(CSM + ion exchange resins)

1 10 2 80.0 1.87 0.77 58.8 8.05 7.63 5.2 132.0 4.32 96.7
2 9 2 77.7 1.87 0.73 61.0 7.96 7.62 4.2 132.8 4.40 96.7
3 10 2 80.0 1.90 0.72 62.1 8.00 7.60 5.0 132.7 4.25 96.8

As evident from the results presented in Table 7, the sorption of suspended organic
and inorganic impurities on the studied sorbents results in a reduction in water turbidity, a
shift in pH towards a more neutral environment, and an improvement in color and acidity
parameters.

The investigated sorbents exhibited the highest efficiency with respect to acidity and
chromaticity. The average efficiency of sorbents in terms of water acidification was 99.8%
for CSM, 99.5% for zeolite, and 96.7% for the complex (CSM + ion exchange resins).

Regarding the water color index, the average efficiency of sorbents was 100% for CSM,
90.0% for zeolite, and 79.2% for the complex (CSM + ion exchange resins). Additionally,
the average efficiency of sorbents on the water turbidity index was 74.5% for CSM, 60.6%
for the complex (CSM + ion exchange resins), and 22.9% for zeolite.

Furthermore, sorption on all sorbents resulted in a shift in pH of treated water towards
a more neutral value, averaging 4.2–8.3%.

Our synthesized sorbent, CSM, demonstrated the highest efficiency among the investi-
gated sorbents, both for microplastic particles (PP, PE, PET) and concerning all investigated
water parameters (color, acidity, turbidity). Therefore, it can be recommended as an ef-
fective sorbent for treatment facilities in cities of Kazakhstan and in household filters for
drinking water purification.

It is difficult to compare the sorption efficiency of microplastics in this study with other
published works, due to the impossibility of ensuring equality of experimental conditions
(types and shapes of microplastics, their size, and concentration). However, based on the
efficiency value (%), it can be argued that the carbon sorption material we synthesized
shows better results than new sorbents such as organic sponge materials (81.2% at pH
6–9) [98]. Modification of biochar adsorbents, Mg, and Zn demonstrates high efficiency
rates (97.7%) against high-concentration polystyrene (0.1 g/mL) [99]. Synthesized Zn–Al
layered double hydroxide shows high sorption efficiency (100%) at very low pH values
(pH = 4), which are not found in natural and tap waters. Increasing the pH to 9 leads to a
decrease in the efficiency of polystyrene sorption to 37% [100], which is significantly lower
than the results obtained in our study.

A combination of sorption processes based on carbon sorption material and zeolite
with microfiltration can improve the efficiency of removing microplastic particles. Complex
methods of water purification, including carbon sorbents, were tested in [49] and showed
sorption efficiency of PVC and PET (with particle sizes of 30–1000 microns) of 78–86% and
94–100%, respectively.

However, in the conditions of Kazakhstan, the use of physical barriers, such as mem-
brane filters with a pore size of less than 1 micron, is unlikely in the near future due to
their high cost of implementation. That is why our further research on purifying drinking
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water from microplastics will relate to increasing the efficiency of existing water treatment
technologies to minimize enterprise costs for their implementation.

4. Conclusions

The assessment of microplastic content in tap drinking water and its potential reten-
tion by the water treatment system in Kazakhstan is critical, particularly given that the
centralized water supply is the main source of drinking water for the population. In our
study, microplastic was detected in all drinking water samples, regardless of the service life
of water pipes. The concentrations ranged from 2.0 × 10−2 to 6.0 × 10−2 particles/dm3,
with fibers being the predominant form (74.1%), followed by fragments (22.2%) and films
(3.7%). These findings align with internationally published data.

The need to remove microplastics from water and improve the physical and chemical
parameters of treated water prompted the search for new technologies and materials in the
water treatment system. Analysis revealed that outdated technologies and noncompliance
with treatment regimens result in the presence of microplastics in tap water samples of
Kokshetau city and poor water quality in terms of turbidity (87% of samples), color (40% of
samples), and acidity (20% of samples).

To address this, we studied the efficiency of sorption of microplastics and other
pollutants on various sorbents. The results showed high retention of microplastic particles
by the investigated sorbents (82.7–97.8%). Sorbents with larger pores and hydrophobic
interactions exhibited greater retention efficiency. Specifically, aliphatic structures, such as
PE and PP, showed higher retention (93.7% for PE, 91.2% for PP) compared to PET (89.6%),
which has a more complicated structure.

The investigated sorbents were ranked based on their ability to retain microplastic
particles: carbon sorbent (CSM) > zeolite > (CSM + ionites). Moreover, the sorption of
suspended impurities on the studied sorbents led to a reduction in water turbidity, pH
adjustment towards neutrality, and improvement in color and acidity parameters.

Among the studied sorbents, our synthesized sorbent, CSM, demonstrated the highest
efficiency in retaining microplastic particles and improving water parameters. Therefore,
it can be recommended for use in treatment facilities across cities in Kazakhstan and in
household filters for drinking water purification.
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databases; Figure S3: FTIR spectrum of Acryl fiber (experimental sample); Figure S4: Identifica-
tion of Acryl fiber by FTIR spectrum of library databases; Figure S5: FTIR spectrum of Viscose
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Abstract: Microplastics (MPs), defined as plastic particles measuring less than 5 mm, are considered
an emerging pollutant. Their presence in the water cycle and their interaction with ecological
processes pose a significant environmental threat. As groundwater (GW) represents the primary
source of drinking water, monitoring MPs in GW and investigating their potential sources and
pathways is of urgent importance. This article offers a comprehensive overview of the primary
contamination pathways of MPs from surface water, seawater, and soil into the GW. Moreover, it
presents an examination of the occurrence of MPs in GW and identifies the challenges associated
with their monitoring in GW. This study also discusses the difficulties associated with comparing
research results related to MPs in GW, as well as indicating the need for implementing standardised
techniques for their sampling and detection. On the basis of our experience and the literature review,
we highlight the importance of understanding the specific hydrogeological and hydrogeographic
conditions, collecting representative samples, using sampling devices with comparable specifications
and comparable laboratory techniques for MP identification, and preventing contamination at all
stages of the monitoring process. This review offers valuable insights and practical guidelines on
how to improve the reliability and comparability of results between studies monitoring MPs in GW.

Keywords: microplastics; groundwater; sampling; monitoring; aquifer; borehole

1. Introduction

In recent decades, the use of plastics has increased to such an extent that they have
become indispensable to society [1,2]. In 2022, the global production of plastics reached
400.3 million tonnes, with Europe contributing 14% to this total [3]. While only a small
proportion of the plastics produced is recycled or incinerated, the majority is accumulated
in natural environments or landfills [4]. MPs have attracted considerable attention as
an emerging pollutant and have been recognised as a key contributor to environmental
pollution [5–7].

MPs are water-insoluble, solid polymer particles characterised by a size of less than
5 mm. Although the lower limit has not yet been formally defined, particles under 1 μm in
size are considered nanoparticles [8]. They differ in terms of their chemical composition,
colour, shape, density, size, and other characteristics [9]. The most commonly produced
polymer types, according to their chemical composition, are polypropylene (PP; 18.9%),
low-density polyethylene (PE-LD; 14.1%), polyvinyl chloride (PVC; 12.7%), high-density
polyethylene (PE-HD; 12.2%), polyethylene terephthalate (PET; 6.2%), polyurethane (PUR;
5.3%), and polystyrene (PS; 5.2%) [3]. While there is no standardised method for categoris-
ing particles based on their shape [10], some common shapes include fibres, filaments,
spheres, fragments, beads, films, and pellets [10,11].

Based on their source, MPs can also be categorised into primary and secondary
MPs. Primary MPs are tiny plastic particles released into the environment through the
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erosion of products during their use [12,13], e.g., textile fibres and purposely manufactured
particles such as microbeads used in cosmetics and medical products, as well as plastic
pellets used for the production of plastics [14]. Secondary MPs are MPs resulting from
fragmentation due to the weathering of larger plastics when these are released into the
environment [13,15].

Although plastic particles smaller than 5 mm had been reported in earlier publica-
tions [16,17], the term “microplastics (MPs)” was coined by Thomson et al. [18]. At a
workshop organised by NOAA in 2008 [19], the definition of MPs was expanded to include
“plastic particles smaller than 5 mm”, without specifying a lower size limit [20].

MPs are present in atmospheric, terrestrial, and aquatic environments [21–28] and thus
also in the water cycle [29]. Due to their presence in the environment and the threat they
pose to the ecosystem [30], MPs have received considerable attention as newly emerging
pollutants [5,6,31,32].

In the environment, primary and secondary MP particles may enter GW via various
pathways, e.g., via seawater, rivers, or lakes (GW interaction through the hyporheic zone),
or by penetration through soil pores [29,33,34]. To gain a better understanding of these
interactions, it is important to compare the presence of MPs in different aquifers under
different environmental conditions [35].

GW represents the most important freshwater reservoir on our planet [36,37]. Despite
numerous protective measures, the quality of GW sources has been threatened for decades
by various contaminants and substandard pumping practices. Rapid population growth
and urbanisation of rural areas have intensified MP contamination [38] and pressure on
GW systems, leading to impaired water quality [39]. These factors carry far-reaching
environmental, economic, and social implications [40].

On the environmental level, MPs in GW ecosystems can pose a threat to the stygofauna,
which plays a crucial role in removing pathogenic organisms from water [41]. Although
there is a lack of research on the effects of MPs on organisms in GW, studies have found
that MPs can be harmful to aquatic creatures, as MPs can be ingested or accumulated in the
organism’s tissues, affecting their reproductivity, growth, and survival [42]. The impact
of MPs varies depending on their characteristics, concentration levels, and duration of
exposure [43]. Therefore, monitoring MPs in GW to assess the risk they may pose to the
stygofauna is essential.

Due to the presence of MPs in GW, it is crucial to determine the vulnerability of GW
to MPs pollution [33]. There is therefore an urgent need to improve our understanding of
the mechanisms of MP transport.

This study aims to provide a comprehensive description of the pathway mechanisms
for the transport of MPs into GW from rivers, lakes, and seawater, as well as from soil
and the unsaturated zone. It presents the findings of previous research on the prevalence
and differences of MPs found in GW. The main added value of this literature review is the
discussion about the main challenges in monitoring MPs in GW, which is reinforced by our
rich experience in this field.

2. Pathways of MPs Transport into the GW

2.1. Transport Mechanisms of MPs to GW from Rivers, Lakes, and Seawater

GW often interacts with surface water and seawater through recharge and discharge.
These interactions represent potential pathways for the transport of MPs in GW systems.

MPs can enter rivers and lakes via different sources of pollution, e.g., effluents from
wastewater treatment plants (WWTP); sewage sludge; atmospheric deposition; direct public
disposal; and runoff from agricultural, recreational, industrial, and urban areas [44,45].
Due to their different origins, these polymers vary in composition, density, shape, and
size [46,47]. The physical characteristics of the particles coupled with the hydrodynamic
conditions of the open channel flow influence their transport parameters, as they may float
or sink depending on these factors [48,49].
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Due to their higher surface-to-volume ratio, small MP particles are often subject to an
increase in density and size through different processes, such as aggregation with other
MP particles, sediments, and organic matter, or the formation of a biofilm on their surface,
which in turn affects their transport behaviour [48]. As the density of the particles increases,
they tend to settle in the sediments due to the influence of gravity [48–52].

Scherer et al. [26] conducted a study on a river in the German river Elbe and found that
the MP content in the sediment was significantly higher than in water. The average concen-
tration of MPs in the sediment was 3,350,000 particles per cubic meter, i.e., 600,000 times
higher than the average concentration of 5.57 particles per cubic meter detected in water.
This difference is expected to be even greater in lakes due to the lower water flow velocities,
which facilitate sedimentation processes [6].

MPs temporarily immobilised in the sediment can be remobilised by high-flow
events [53] or by disaggregation of the biofilm formed on their surface. They may be
taken up by benthic organisms or transported through the hyporheic zone (HZ) into the
GW [54]. This process depends on the relationships between pore diameters and MPs’
dimensions [55], particularly in the case of MPs of smaller diameters. Smaller size MPs
can move through the pore space from the surface of the streambed into the subsurface
layers [48,56]. In a field study conducted by Drummond et al. [48], 23% of MPs were
reported to exhibit a hyporheic exchange ratio higher than the sedimentation ratio. This
percentage increases to 42% for low-density MPs.

The HZ is an important interface between the stream and the shallow GW system [48].
Its significance lies in the fact that, depending on the situation, water from specific stream
sections or the entire river can flow into or out of the local aquifer [57,58]. The transport of
MPs through the HZ is conditioned by the properties of the particles, the hydrological and
geochemical factors that condition the hyporheic exchange [48,56,57,59,60], including the
shape of the streambed, local GW, material heterogeneities in the HZ, and turbulence in
the stream [48]. Insight into these factors is crucial for understanding and addressing the
problem of MP pollution.

Figure 1 displays the direction of water flow in a channel that either loses or gains
water, along with the movement of MPs. When a stream constantly loses water, as shown in
Figure 1(1.1,1.2), the water flows through the streambed sediments and reaches the aquifer.
As illustrated in Figure 1(1.3), the flow of porewater causes MPs to move into the aquifer
and eventually re-enter the water column through hyporheic flow paths [60]. On the other
hand, when a stream constantly gains water (Figure 1(1.4)), it flows through the aquifer to
the streambed.

Depending on the conditions of the channel, mobile pore-scale MPs in the HZ can
be transported by advection from the HZ to the streambed or to the aquifer [56]. Similar
mechanisms occur in lakebeds where MPs within sediments can be transported into the GW
by continuously moving seeping water [29], which also reflects the bidirectional interaction
between the lake and the GW.

Hydraulic gradients along the streambed and lakebed are the key drivers of hyporheic
exchange [61,62]. Hydraulic conductivity, in turn, controls the flow rates of hyporheic
exchange. If the material below and adjacent to the river channel is saturated (Figure 1(1.1)),
the flow rates are controlled by saturated hydraulic conductivity. If the channel is perched
above the underlying water table (Figure 1(1.2)), leakage is controlled by unsaturated
hydraulic conductivity, which is much lower in value. Therefore, the transport of MPs
under these conditions will be slower [57]. Hydraulic conductivity depends on various
factors, including the materials present in the sediment [63]. For example, lakebeds retain
sediments from the runoff, streamflow, and shoreline erosion. These sediments usually
consist of organic matter, have a finer texture, and are less permeable; thus, they limit the
rates and locations of the exchange [64]. Nevertheless, numerous studies have shown that
there is still considerable interconnectivity between the two systems, even when sediments
have low hydraulic conductivity [65–67].
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Figure 1. Pathways of MPs from the river channels: From the channel to the aquifer if (1.1) the
material below and along the riverbed is saturated, or (1.2) the channel is above the lower GW level.
(1.3) In and out of the channel to the aquifer. (1.4) From the aquifer to the channel. Adapted from
Hoehn [57] and Singh and Bhagwat [29].

The spatial and temporal changes in water flow lead to corresponding changes in
hydraulic gradients and hydraulic conductivity. This flow variability plays a crucial role
in shaping fluvial hydrosystems by causing fluctuations in the water depth of the river
channel laterally and along the longitudinal profile, thus creating or enhancing hydraulic
gradients along the watercourse. This phenomenon is particularly pronounced in rivers
with smaller drainage basins [61].

In general, the hydraulic conductivity in a river corridor decreases from the headwaters
towards the lowlands. As a result, the exchange between surface and hyporheic waters is
more pronounced in the headwaters of the river than in the lowlands. This trend can also
be observed on a smaller scale, where the heads of the riffles act as infiltration zones while
the tails of the riffles serve as discharge zones [26,56,61].

Fluctuations in seasonal flows have a considerable effect on hyporheic exchanges.
In humid climates, the GW feeds the river during dry periods, while wet periods cause
changes in flows from the surface to the hyporheic and floodplain water and vice versa
due to river-level alterations. In arid climates, the vertical hydraulic gradient strengthens
during the dry season, resulting in a shift from discharge to recharge in the direction of
surface GW exchange [61].

In karstic limestone areas, fractures or conduits in the limestone regulate the main flow
pathways through secondary porosity-dominated rocks, thereby intensifying interactions
between the surface and the ground. During intense or prolonged rainfall, the recharge
cannot drain fast enough, and the GW can rise above the ground level [68,69]. These
dynamics can accelerate the migration of MPs from the surface into the GW [70].

While extensive research has been devoted to the transport of MPs through rivers and
lakes, comparatively little attention has been paid to their transport through interactions be-
tween seawater and GW. However, the mechanisms involved in seawater–GW interactions
are similar to those observed in river or lake–GW interactions.
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The mixing of seawater with GW resources is a natural process known as seawater
intrusion [29]. This phenomenon is primarily caused by prolonged changes in coastal
GW levels, which can be triggered by many factors, including pumping, land use change,
climate change, or sea level fluctuations [71]. Research has shown that seawater contami-
nants can enter GW through seawater intrusion [72,73]. The presence of MPs in seawater
raises concern about the potential infiltration of MPs into GW through the mechanisms
of seawater intrusion [29]. The high demand for fresh water in coastal areas has led to
intensive GW extraction, resulting in elevated hydraulic gradients that drive seawater
towards the inland area [29] and may increase the infiltration of MPs in GW.

Li et al. [74] investigated the impact of GW–seawater displacement on the transport
behaviours of marine plastic particles through experiments on flow chamber systems and
packed column systems. Their results confirm that plastic particles can enter the aquifer
via seawater intrusion. Particles that attach to porous media during this process are more
easily moved by GW–seawater displacement, especially when there is low ionic strength as
the colloids attached to porous media tend to detach [75]. As a result, these particles can
return into the seawater.

2.2. Transport of MPs through the Soil and the Unsaturated Zone to GW

MPs can enter the soil through poorly managed landfills, agricultural activities, the
use of untreated wastewater for irrigation, flooding, bioturbation, atmospheric deposition,
and illegal dumping of waste [76–78]. Agricultural activities can have a significant impact
on the presence of MPs in the environment. For example, once in the soil, plastic mulches
used in modern agricultural systems can be degraded to MPs and transported into the
GW [54,77,79].

Larger plastic particles in soils can undergo degradation due to UV radiation, physical
abrasion, and biological processes, thus transforming into MPs [80,81]. The generated MPs
and MPs of primary origin can undergo fragmentation and phototransformation due to UV
radiation and physical forces. In combination with aging, these processes can lead to the
production of smaller MPs [82–84] with rougher surfaces, oxygen-containing functional
groups, and more specific surface areas. These properties improve their capacity to adsorb
pollutants from the environment, e.g., heavy metals and pesticides [85–88].

Due to their small size and large surface area, soil organisms such as earthworms,
collembolans, and mites can transport MPs from the soil surface into deeper layers by vari-
ous mechanisms such as pushing, ingestion, egestion, and adhesion to their exterior [89–91].
Invertebrates can also indirectly influence the transport of MPs by creating macropores
in the soil, which serve as conduits for the transport of MPs through the process of leach-
ing [89]. In addition to their direct or indirect transport by soil organisms, MPs can also
reach deeper soil layers via percolating water [92]. Conversely, the presence of plant roots
in the soil tends to retain or lift MPs along the soil profile [93].

The unsaturated zone provides an important link between the land surface and the
GW [93]. MPs that permeate the soil can cross the unsaturated zone and reach the GW [88].
The processes of transport and binding of MPs to the substrate depend on particle prop-
erties, soil properties, and environmental factors [39,87,92]. Recent column experiments
(Table 1) have investigated the impact of different environmental factors or particle proper-
ties on the transport or retention behaviour of MPs [87,94–100].

Particle properties such as surface hydrophobicity, density (which depends on the
chemical composition or plastic material), shape, and size can influence the transport of MPs
through porous media [98]. Smaller and regular shapes have better mobility than larger and
irregular particles. While particle size and shape are the main determinants of MP transport,
particles with higher hydrophobicity and density exhibit greater migration [98,100,101].
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Table 1. Column experiments under unsaturated conditions investigating MP transport influenced
by different experimental factors and MP properties.

Reference Factor
Column

Characteristics
(cm)

Polymer Shape
Media

Material

Max
Infiltration
Depth (cm)

dMPs/dMedia
Rainfall
Intensity

Waldschläger
and Schüt-

trumpf.
[96]

/ 19.40 × 30.00

CoPA; PA;
PE; PET; PP;

PS; PVC;
SBR

Fibre;
fragment;

pellet; pellet
cubic; sphere

Glass sphere 0.00–30.00 0.05–3.33 4600 mL/min

Ranjan et al.
[97] Wet-dry cycles 9.00 × 33.00 PE; PET; PP Fragment Sand 6.00–>30.00 <0.02–1.40 2.5–7–

7.5 mm/h

Gao et al.
[98]

Wet-dry cycles
and presence

of DOM
4.00 × 25.00 PA; PE; PET;

PP Pellet Sand 0.00–13.50 0.017–2.14 /

Zhang et al.
[99]

Artificial
rainfall

39.00 × 9.00 × 29.00 PET; PE Particle; fibre:
film

0.03% MO;
0.77% clay;
17.27% silt;

81.73% sand

7.00 / 15.00 mm/day

39.00 × 9.00 × 29.00 PET; PE Particle; fibre:
film

0.03% MO;
0.77% clay;
17.27% silt;

81.73% sand

6.00 / 25.00 mm/day

Natural
rainfall 39.00 × 9.00 × 29.00 PET; PE Particle; fibre:

film

0.03% MO;
0.77% clay;
17.27% silt;

81.73% sand

5.00 / 3.10 mm/day

O’Connor
et al. [100]

/ 25.00 × 4.00 PE Spheres Sand 7.500 0.05 83 mm/day

/ 25.00 × 4.00 PE; PP Spheres Sand 3.500 0.07–1.39 83 mm/day

Various media factors such as pH, humic acids, organic matter content, and electrolytes
can lead to fluctuations in MP transport. However, as indicated by recent studies [102,103],
these factors do not have a significant impact. Dong et al. [103] conducted a column
experiment to investigate the effects of electrolyte concentration, pH, and humic acid on the
transport of MPs. The study found that the mobility of PET MPs increased with decreasing
electrolyte concentration, rising pH, and increasing humic acid concentration. The study
also proved that the density and shape properties of PET MPs have a greater impact on
their transport behaviour in porous media than the experimental chemical conditions.

Soil texture and MP size are both important factors that influence the movement
of MPs through the soil. As MPs move through the soil, they travel through the spaces
between the soil particles. If these spaces are smaller than the MPs, they can become
trapped in the soil. The ratio between the size of the MP (dMP) and the size of the soil
particles (dMedia) is a major factor influencing this process. Studies by Gao et al. [98],
Ranjan et al. [97], and Waldschläger et al. [96] have shown that MPs tend to migrate deeper
into the soil when the ratio of dMP/dMedia is less than 0.11. This ratio has been identified
as the most important factor influencing the migration of MPs [98].

Soil layering may inhibit movement by enhancing MP deposition in the upper soil
horizons, making MP transport in multilayer aquifers more complex [39]. Macropores, on
the other hand, can promote preferential flow, increasing the likelihood of MPs reaching the
GW [39,92,104]. To determine the size of MPs that can be transported through sediments, it
is necessary to analyse the lithology and identify the pores and fissures in the soil [39].

In experiments with dry–wet cycles in a sandy soil column, O’Connor et al. [100],
Ranjan et al. [97], and Gao et al. [98] found that weather patterns involving rainfall events
followed by dry periods determined the depth of MP transport more than the volume of
water flowing through the column.

Zhang et al. [99] conducted a leaching experiment to investigate the vertical migration
of MPs under simulated and natural rainfall. Their experiment also showed that natural
rainfall resulted in higher vertical migration compared to simulated rainfall. This empha-
sises the importance of conducting experiments under realistic environmental conditions
to more accurately predict the distribution and fate of MPs in the natural environment.
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3. Occurrence of MPs in GW

Early research on MPs focussed primarily on marine environments, with an emphasis
on analytical approaches and reporting of data from monitoring campaigns [105]. The
scope of studies focusing on freshwater environments remains limited. According to a
recent review, 87% of the database of studies on MPs is associated with oceans, while only
13% refers to fresh water [106]. Few studies have been conducted on the detection of MPs
in GW [2,25,33,59,107,108]. Table 2 summarises the results of the field studies selected for
this review.

Currently, there is no standard procedure for the sampling and analysis of MPs in
GW, and recent studies agree that there is an urgent need to standardise the sampling and
analysis protocols [15,35,39,59]. Consequently, studies assessing the occurrence of MPs in
GW are difficult to compare as they use different sampling and analytical approaches [15].
In addition, a multitude of factors can contribute to the variations in the number of MPs
detected in GW across different studies, e.g., population density [109], climatology, hy-
drology, geology, land use of the study area [110], the presence of a particular source of
contamination [111], and the distance between the surface and the aquifer [112].

Recent studies have identified various MP contamination sources in GW, includ-
ing septic tanks, landfills, sewage treatment plants, and agricultural areas [109,113–115].
A significant correlation has been found between MP abundance in GW and the total
concentration of antibiotics, proving that sewage treatment plants are a source of contami-
nation [109]. Several studies have attempted to determine the impact of landfills on the
occurrence of MPs in GW. They show that municipal and informal landfills, including aban-
doned municipal landfills, are sources of MPs that can contaminate GW. Informal landfills,
which are built without proper construction and operated with a lack of environmental
protection measures, are a cause for concern due to their insufficient protection and poor
management [115]. Wan et al. [115] found a concentration of 11 to 17 MP/L of MPs in
GW around an informal landfill, while Leideu et al. [113] investigated the presence of MPs
in GW around a former municipal landfill located in an alluvial aquifer and found even
wider concentration range of 0.71 to 106 MP/L. In addition, a study from Chennai, South
India, reported higher levels of MPs in GW samples in the vicinity of municipal solid waste
landfills, ranging from 2 to 80 MP/L [114]. MPs originating from industrial wastewater
can also be an important vector for the transfer of heavy metals [2].

The capacity of karst systems to transport MPs into GW has been demonstrated in
three studies from different parts of the world. The highest concentrations were reported
from Italian cave water, where 12 to 54 MPs/L was measured, with no difference between
tourist and non-tourist areas [116]. In a ground-breaking study from the USA, Panno
et al. [25] discovered the presence of MPs in karst aquifers with an average of 7 ± 4.3 MP
fibres per litre. Private septic tanks appear to be the source of MPs that can enter GW
through sinkholes in the investigated area. In a remote area of China without a specific
source of pollution, a low MP concentration was reported (ranging between 0 and 4 MP
particles/L) [117].

Even fewer studies have been conducted on the occurrence of MPs in alluvial aquifers,
namely, only two. However, recent studies by Esfandiari et al. [110] and Samandra
et al. [108] have shed some light on this topic. In Iran, they found MPs in the range of 0.1
to 1.3 MP/L [110]. In contrast, much higher concentrations were detected in Australia,
averaging 38 ± 8 MP/L in an unconfined alluvial aquifer [108].

Sample volume in the studies included in this review [2,25,108–110,113–115] ranged
from one to twenty litres. When measuring MPs, a small sample volume can lead to
an overestimation [118]. A minimum sample size of five hundred litres is necessary to
ensure reliable results [15,119,120]. However, only two studies, both from Korea, sampled
this many litres or more directly from GW [112,121]. These studies were conducted in a
fractured rock aquifer and showed differences in the number of MPs detected. The first
study reported MP concentrations between 0.02 and 3.48 MP/L. Their chemical composition
was similar to the results of previous studies conducted on soils from the same area,

153



Water 2024, 16, 1228

suggesting that the MPs present in the soils are leaching into the GW [121]. The second
study detected fewer MP particles, with results ranging from 0.006 to 0.193 MP/L [112].
The highest MP concentrations were detected at the lowest altitude points, suggesting that
the distance between the surface and the aquifer may be a factor in the entry of MPs into
the GW [112].

The most frequently reported types of MPs in GW were PP and PE, which are also
the most extensively manufactured types of plastics on the global scale [3] and the most
highly prevalent types in marine environments [122], rivers [123], lakes [124], freshwater
sediments [125], and soils [126,127]. The large amount of PP and PE particles in these
environments poses a significant risk to the environment partly due to their potential
to adsorb metals even at low concentrations [2]. To mitigate their negative impact, it is
therefore crucial to understand the transport parameters of these particles.

The correct classification of MP particles in GW is important as the MP shapes detected
can provide information about their source [128]. For example, MP fibres originate from
the degradation of synthetic textiles and represent the predominant shape of MPs in
wastewater treatment plant (WWTP) effluents [129]. Their presence may therefore indicate
contamination from a WWTP effluent. On the other hand, fragment shapes are typical for
weathering degradation of MPs, and their presence in GW may indicate contamination from
a soil source [121]. Understanding the transport parameters of MP fibres and fragments is
crucial for predicting GW contamination by MPs, as these are their most prevalent forms in
GW [130].

It is crucial to ensure reliable and comparable results across different types of aquifers.
Therefore, analysing the presence of MPs in different types of aquifers must be conducted
using the same methodology for their sampling, quantification, and identification.
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4. Challenges in GW MP Research

On the basis of our experience and analysis of the research articles listed in Table 2,
we identified several challenges associated with the monitoring of MPs in GW. The main
challenge is that there is currently no internationally agreed upon sampling method and
MP detection procedure [131]. The challenges associated with sampling methods and
sample analysis associated with quality assurance are described below.

4.1. Challenges Associated with Sampling Methods

Researchers conducting research on MPs in GW face several challenges in the field
of GW sampling. Firstly, they need to select a suitable sampling site and then the correct
sampling technique to ensure high-quality samples and comparable results. The important
aspects of both are described below.

a Sampling point selection

Improper selection of the sampling point is a major concern, as it can lead to incorrect
or questionable results. The sampling point must be defined on the horizontal and vertical
scale (depth). To determine the optimal sampling location, we need to know the precise
hydrogeographic conditions of the sampling site and the positions of the available boreholes
or pumping stations.

In this context, Viaroli et al. [39] note the lack of information on the hydrogeographic
properties of sampling points in many studies on MPs in GW. In order to conduct reliable
research, sampling from a borehole requires consideration and inclusion of the following
hydrogeographic features of the sampling sites: (a) data on the lithological profile of the
sampling site, (b) data on the protection and maintenance of the sampling site, (c) data
on the quality status of the sampling site, and (d) data on the borehole design (drilling
method, borehole material, borehole depth and height, quantitative borehole capacity). For
a correct interpretation of the pathways and origins of the detected MPs, it is also important
to understand which GW (aquifer) enters the borehole [119].

There appears to be a lack of specific guidelines in the literature for determining
the optimal depth for sampling in a well or below the GW table. In some articles, the
depth at which sampling was performed is not mentioned [109,110,113]. Selvam et al. [2]
state that sampling was carried out at a depth of 2–5 m. Samandra et al. [108] report
that sampling was performed at the mid-point of the screened interval of the boreholes.
Although further studies are required on the appropriateness of the sampling depth, it is
expected that sampling should be carried out at the level of the screened section of the
borehole. Sampling a few metres below the water table may result in sampling stagnant
water from the well rather than from the aquifer itself, depending on the hydrogeological
conditions of the aquifer and the pumping force.

When selecting the sampling points, the maintenance of the sampling boreholes must
also be taken into account. Inadequate maintenance of the sampling points can lead to
the presence of plastics and consequently MPs at the sampling points, which should be
avoided. Boreholes that are open to the atmosphere and constructed with plastic materials
should be avoided as they can be a source of contamination. However, some of the articles
analysed report sampling in open or plastic-lined boreholes [108,110].

When sampling from a spring, it is possible to take samples either directly from the
spring or from a pumping system. Sampling from a spring can lead to problems with
air pollution, so it is important to sample as close to the spring as possible. If this is not
possible, the distance at which sampling was performed should be indicated. On the other
hand, sampling from a pumping system can lead to MP contamination due to the potential
use of plastics in the construction of the facilities. Nevertheless, it is beneficial to compare
the data from both sampling points in order to validate the reliability of the results.

b. Sampling procedure

Sampling with the pumping system
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When sampling from a well, obtaining the necessary amount of sample water requires
the use of pumping systems consisting of the pump and the filtration system which allow
for the filtration of large amounts of water at the sampling point. Typically, the pumping
systems also contain plastic parts that can potentially contaminate the sample. Of the articles
analysed, only one indicates the use of Teflon-made pumps [2], while some [112,113,121]
mention the type of pump used without specifying its material composition. All components
of the pumping system need to be specified with regard to their material structure using FTIR
analysis. The spectra of materials used must be included in the library, and the particles from
the samples must be compared with them.

Furthermore, larger MP particles can be damaged and even fragmented as they pass
through the pump, especially when pumps with impellers are used. This may lead to an
overestimation of the presence of MPs. Therefore, it is important that researchers first test
the pump for the potential fragmentation of plastic particles.

Design of the field filtration system

Designing a filtration system to sample large quantities of samples in the field can
be challenging, as this requires a closed filtering system to prevent contamination from
the atmosphere. Direct contact between plastic materials and samples should be avoided.
This can complicate the construction of the system due to the limited options for suitable
materials. Although some plastics have the desired properties such as elasticity or imper-
meability, they can be difficult to replace and are associated with higher costs. For example,
silicone hoses and stainless-steel filter cartridges are favoured over plastic hoses and pipes,
and hemp threads are a better alternative to plastic thread sealants.

Among the articles reporting on water sampling using pumping systems, two em-
phasise the use of silicone and stainless-steel materials [112,121] and mention the use of
peristaltic pumps without providing any further information. Two other studies mention
PVC components for the system [2,113].

It is also crucial to monitor the pressure in a closed system, as pressure-related prob-
lems can occur due to the strength of the pump and the likelihood of filter clogging. Such
problems can result in damage to the system or filter, as well as loss of samples. It is,
therefore, important to monitor this parameter closely by using a pressure gauge.

To control the amount of water collected, it is necessary to use a flow meter. Typically
made of plastic, the flow meter can come into contact with the sampled water. This can
be prevented by using it after the water has been filtered. This approach was used by
Cha et al. [121].

Determination of the sample volume

To avoid underestimating the occurrence of MPs, the recommended minimum volume
of GW sampled is 500 L [119]. The same volume has also been suggested for tap water [15].
Of all the studies examined, only two adhered to the recommended minimum sample
volume of 500 L [112,121]. These studies detected a lower number of particles than other
studies, which contradicts their initial assumptions. Both studies were conducted with
similar sampling methods in the same type of aquifer. To establish whether the lower
numbers observed are due to the type of aquifer or the sampling methods, further studies
using the recommended minimum sample volume need to be conducted.

Collecting a minimum of 500 L of sample water poses a certain logistical challenge,
especially when it comes to transporting the sample to a laboratory for filtration in a
controlled, filtered air environment. It is therefore necessary to perform in situ filtration,
despite the problems that this process may entail.

Selection of the proper filters

When analysing MPs in samples, studies report that the smallest size of MPs detected
corresponded to the size limitation of the filter used [109–112,115]. This suggests that
the filter used may have limited the detection of smaller MP particles during sampling.
However, in most of the studies analysed, filter pore size did not appear to be a limiting
factor, as the size of MPs detected was generally larger than the filter pore size. Nevertheless,
it is worth noting that the detection limit of the analytical methods may influence the results.
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For example, Kim et al. [112] mention the use of a filter size of 20 μm due to the 20 μm
detection limit of the equipment for analysis. The use of a smaller pore size would therefore
not help to extend the detection range of the MP particles but rather increase the risk of
filter clogging. Sometimes also membranes >20 μm become rapidly clogged. To avoid
clogging, the use of cascade filtering system is recommended.

In addition to the pore size, the material of the filters is also important. For the analysis
of samples with an FTIR microscope or a Raman spectrometer, aluminium- or gold-coated
polyester membranes and silicone membranes, which are suitable for analysis of particles
in reflection mode, are particularly recommended. However, they have limitations in terms
of pore size, which are generally too small and unable to filter large amount of water.
Innovations and improvements are still needed in this area.

Purging before real sampling

The construction materials and work involved in building a well can lead to MP
contamination. In addition, open-air wells can become contaminated with plastic waste or
MPs due to atmospheric deposition. In order to accurately investigate the occurrence of
MPs in GW through borehole sampling, it is necessary to purge the well before sampling
begins. This involves pumping out two to three times the volume of the well or until the
physicochemical parameters of water stabilise [132]. This standard procedure ensures that
the sample is taken from the aquifer rather than the accumulated water in the well [108].
Moreover, sampling without purging yields information on the MPs present in the wells,
which can provide useful information on the exposure to MPs for those using the water
from that well for domestic purposes [131]. Some of the articles analysed in this study
do not indicate whether purging was performed, while some of them mention purging
for a specific duration, such as 5 or 30 min. Such a duration may or may not confirm the
pumping of two to three times the well’s volume or the stabilisation of physicochemical
parameters. It may also result in inadequate purging. Therefore, it is important for studies
to mention whether or not purging was performed prior to sampling as this would allow a
more accurate interpretation of the results.

The importance of conducting blank sampling in the field and quality control

The difficulty of avoiding the use of plastics during in situ sampling reinforces the
need to perform blank sampling for the pumping and filtration processes in the field. This
is to ensure that the potential contact of the sample with plastic materials does not influence
the results.

Replicating the properties of sampling and filtration in a field blank sample is a
complex process as it is difficult to obtain a large volume of water that is free of MPs.
One possible solution to this problem is to obtain a blank sample containing a smaller
volume of water. For example, in a study conducted by Kim et al. [112], a blank sample
of 20 L of water was collected, while the total volume of water sampled was 500 L. This
approach helps to reduce friction and minimise the wear on the plastic materials in the
system, although it may not exactly replicate the conditions of the target, which could
potentially raise concerns about the accuracy of the results.

Given the complexity of obtaining a suitable and reliable field blank, one possible
option to ensure that the materials in the sampling system do not interfere with the results
is to perform an FTIR analysis of these materials. If there is a high degree of similarity
between these materials and the MPs detected, as well as a match of other properties (e.g.,
colour and morphology), they should be excluded from the results.

4.2. Challenges Associated with Laboratory Analysis

Laboratory analysis of GW samples requires a lot of experience in the field of MP
identification, as MPs are on average smaller and less colourful compared to MPs from
surface water. Depending on the type of aquifer, samples may or may not need be pretreated
before MP identification, which can be performed using FTIR or Raman spectroscopy. Both
techniques require very experienced scientists for a good interpretation of the results.

a. Pretreatment of the samples
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The process of preparing GW samples for MP analysis typically includes the following
steps: filtration, digestion, and extraction. These steps, which are occasionally required
to separate MPs from other particles such as sediment, organic matter, and minerals, can
be challenging and may require labour-intensive sample preparation that carries the risk
of contamination. Microplastics in marine environments have been extensively studied,
and well-established analytical methods can be used as a reference for the pretreatment
of groundwater samples if necessary. It is essential to mention that digestion steps, if
necessary, should be performed before density separation, as MP particles can be entrapped
in the organic material [133].

Most of the studies analysed used sample digestion to remove organic matter [2,106,
107,109,110,112,113,118], as this can interfere with the analysis and lead to an overestima-
tion of MPs, or an inflated number of particles subjected to further analyses [134]. Although
this technique has been shown to be effective for the analysis of MPs [135], any treatment of
the sample may result in damage or loss of the sample or involve the risk of contamination.
It is therefore advisable to avoid it as much as possible. Exposure to harsh chemicals and
higher temperatures than 40 ◦C should be minimised [133]. As GW is not expected to
contain large amounts of organic matter that could interfere with the analysis of MPs,
digestion is therefore not recommended.

During density separation, in order to increase the recovery rate of microplastics, solu-
tions with densities higher than 1.7 g/cm3 are recommended [133]. For instance, sodium
chloride (1.2 g/cm3) is not recommended as its low density interferes with the polymer’s re-
covery [133]. Zinc chloride (ZnCl2), sodium polytungstate (NaWO4), potassium carbonate
(K2CO3), sodium bromide (NaBr), sodium iodide (NaI), and potassium formate (HCO2K)
are commonly used density solutions [133]. The density separation process typically in-
volves shaking for 10 min and settling for 24 h [133]. During supernatant extraction, some
microplastics may stick to the container wall, which can result in sample loss. To avoid this
issue, it is recommended that the container walls be washed onto the filter [136].

Validation of the effectiveness of sample preparation methods is crucial and can be
achieved with the use of positive controls. In addition, the possibility of sample contam-
ination can be controlled by using blank samples during all steps of the analysis. Of all
the articles selected for this review, only two mention the use of positive controls in the
laboratory [108,110].

b. Limitations of methods for MP detection and quantification

Selecting the most appropriate sampling and detection method for all sizes of MP par-
ticles, which can range from 5 mm to 1 μm, is a major challenge. Chemical characterisation
of plastics with spectroscopic methods is an extension to light microscopy. Spectroscopic
techniques can help to exclude the doubtful particles of bigger sizes and include smaller
particles, which are difficult to recognised on the basis of morphological features. Fourier-
transform infrared (FTIR) spectroscopy or Raman spectroscopy produce the sample’s
molecular fingerprint represented with spectra. Spectroscopic data of each particle are
compared with reference spectra in the library [137]. The ATR-FTIR method enables an
easy determination of the chemical composition of particles larger than 0.5 mm, and the
FTIR microscope enables the determination also of particles smaller than 0.5 mm. While all
FTIR techniques can easily detect larger particles, they reach their limits when detecting
smaller particles (<20 μm). As the particle size decreases, the reliability of the chemical
analysis results also tends to decrease. Raman spectrometry is more suitable for smaller
particles and also enables the detection of particles <20 μm. Among particle size limitations,
there are a few more factors that can influence the detection of MPs with spectroscope
techniques, e.g., additives, pigments, dyes, and fillers can overlay the signal of polymer,
which can be seen as (i) a foreign band overlay, (ii) fluorescence, and (iii) absorbance [138].

The smaller the particles, the more difficult and time-consuming they are to detect,
so complementary techniques are often required to facilitate this process. For example, in
our laboratory, we work with an ATR-FTIR spectrometer for the identification of particles
>0.5 mm, and with an FTIR microscope in reflection mode, we analyse particles <0.5 mm.
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Shu et al. [117] used an FTIR microscope to identify larger MPs, as well as a microscope
with a laser Raman spectrometer to detect smaller MPs. However, using more than one
technique can lead to errors in counting the samples. To improve monitoring efficiency, the
sampling and detection techniques should be suitable for similar sample sizes.

4.3. Challenges Associated with Quality Assurance

There is a risk of samples being contaminated with MPs during collection, transport,
and processing, which can lead to inaccurate results. The accuracy of the results obtained
depends on the sampling methods used and the precautions taken to avoid contamina-
tion [15,120]. Therefore, it is essential to follow the best practices recommended by experts
to obtain reliable results. To minimise the potential for cross-contamination, it is advised
to use glass or metal materials for sample preparation and avoid plastic [139]. Addition-
ally, it is recommended to clean the materials with acid and filtered water or ultrapure
water [139]. All personnel involved in the sampling should wear clean white cotton lab
coats. To prevent air contamination, in situ filtration with a closed device is recommended,
which eliminates any air contact with the sample. It is also suggested to use glass Petri
dishes for the transport and storage of filters.

It is essential to take replicates while sampling to ensure precise and accurate results.
Replicates are significant in comprehending the sampling’s variability and enabling the
collection of trustworthy data. Therefore, it is advised to use replicates while sampling
also for sampling MPs in GW. To better distinguish the sources of variability affecting the
sample, it is necessary to provide information on the exact process of collecting replicate
samples. However, only three studies report the use of replicates in sampling. Selvam
et al. [2] report the use of two replicates, while Shu et al. [117] used three replicates, as did
Samandra et al. [108], who also report that they observed no consistent trend associated
with the order of sample replicates.

The difficulty and time required to sample MPs can make performing replicates a
challenging task. For this reason, a sampling system in which three simultaneous samples
are collected with a single pump would be ideal to save sampling time and ensure the
precision of research methods. In certain situations, conducting simultaneous replicates
may not be possible due to certain limitations. For instance, the pumped flow may be low
in some sampling locations, which may complicate sampling and, thus, make it difficult to
carry out simultaneous duplicates. Under such circumstances, using sequential replicates
can be a practical alternative to ensure an appropriate sampling.

5. Conclusions

MPs present in rivers, lakes, seas, and soils can enter GW via different pathways. The
articles investigating the presence of MPs in GW show different results, both in terms of
the quantity, shape, and size of the MPs detected, which could be the result of differences
in the investigated areas (population density, climatology, geology, land use), as well as
differences in the sampling methods used in the studies.

The articles included in this review agree that the lack of standardised techniques
and procedures in the monitoring of MPs can lead to discrepancies between the results of
individual studies. This poses a challenge when comparing results. Therefore, there is a
need to develop a standardised methodology to enable a more accurate comparison of the
occurrence of MPs in GW.

The complexity of monitoring MP particles is exacerbated by their diversity and
the hydrogeological conditions of the sampling sites, as well as the associated risks of
contamination. Based on the analysis of twelve research articles on the presence of MPs in
GW and personal experiences, the following challenges or needs in sampling MPs in GW
can be highlighted:

- An accurate interpretation of the origin and pathways of MPs found in a particular
sampling area requires a thorough understanding and proper documentation of the
hydrogeological and hydrogeographic conditions in the area.
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- When collecting borehole samples, it is important to clean the borehole by pre-
pumping a certain amount of water before the actual sampling. The appropriate
sampling depth to obtain representative samples of the aquifer is also important.

- To ensure representativeness of the sample, a minimum of 500 L of sample water must
be collected. This requires a more complex in situ sampling system, which makes the
sampling process more challenging and time-consuming.

- During in situ filtration sampling, it is often difficult to avoid the use of plastics. The
sampling system used must be carefully specified, and if plastic materials are present,
they should be identified and accounted for in the final results.

- Sampling pumps can physically damage or fragment plastic particles, which can lead
to an overestimation of the presence of MPs in the sample. To check for plastic particle
fragmentation during operation, it is important to test the pump under conditions
that reflect its actual power usage.

- Given that the presence of small particles in GW is expected, the filters and size
limitations of detection methods may lead to underestimations of the presence of MPs
in GW. To obtain accurate results, it is therefore necessary to develop more efficient
filtration systems (e.g., cascade filtration) and improve the detection methods.

- In cases where the concentration of organic matter in the GW sample is low, it is
recommended to omit the digestion step during sample preparation.

- To ensure accurate monitoring of MPs in GW, it is crucial to prevent contamination
during all monitoring stages. This requires the blank sampling and implementation of
quality control measures.

Last but not least, understanding the transport processes of MPs through the soil, the
unsaturated zone and within aquifers is important to determine the sources of MPs in GW.
These questions need to be clarified through experimental work, field measurements and
mathematical modelling.

Research on the presence of MPs in the environment, including GW, is advancing
rapidly. Our study focused on identifying the challenges with the ultimate aim of promptly
developing standardised methods that will enable comparison of the results of different
studies and form the basis for the implementation of measures, including legislative
measures, to curb the entry of MPs into the environment.
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Abstract: Microplastic pollution is a research hotspot around the world. This study investigated
the characteristics of microplastic pollution in the freshwater environments of 21 major cities across
China. Through indoor and outdoor experimental analysis, we have identified the spatial and tempo-
ral distribution characteristics of microplastic pollution in China’s freshwater environments. Our
findings indicate that the average concentration of microplastics in China’s freshwater environments
is 3502.6 n/m3. The majority of these microplastics are fibrous (42.5%), predominantly smaller
than 3 mm (28.1%), and mostly colored (64.7%). The primary chemical components of these mi-
croplastics are polyethylene (PE, 33.6%), polyvinyl chloride (PVC, 21.5%), polypropylene (PP, 16.8%),
and polystyrene (PS, 15.6%). The abundance of microplastics in China’s freshwater environments
generally tends to increase from west to east and from south to north, with the lowest concentration
found in Xining, Qinghai (1737.5 n/m3), and the highest in Jiamusi, Heilongjiang (5650.0 n/m3).
The distribution characteristics of microplastics are directly related to land use types, primarily
concentrated in areas of intense human activity, including agricultural, transport, and urban land.
Seasonal changes affect the abundance of microplastics, peaking in summer, followed by spring and
autumn, mainly due to variations in rainfall, showing a positive correlation.

Keywords: China’s freshwater environment; microplastics pollution; spatial and temporal distribu-
tion characteristics; land use types; rainfall

1. Introduction

Globally, at least 300 million tons of plastic are produced annually [1], the majority of
which enter the environment and remain for decades [2], posing severe risks to biological
safety [3]. China, as a populous and major agricultural country [4], is also one of the largest
plastic producers [5]. In 2018, China’s plastic production reached 60.4215 million tons,
accounting for 29% of the global total [6]. At the same time, China is one of the largest
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consumers of plastic [7], generating massive amounts of plastic waste yearly [8]. The
extensive use of plastic bags, fast food containers, plastic greenhouses, and agricultural
film has led to a significant “white pollution” problem [9–12].

Plastics in the environment continuously degrade into microplastics (MPs) and nanoplas-
tics (NPs) [13]. Microplastics are generally defined as plastics smaller than 5 mm [14]. The issue
of microplastic pollution has been widely reported worldwide and has become a significant en-
vironmental problem, attracting public attention [15,16]. Due to their ubiquity, persistence, and
potential ecological risks, microplastics have become a hotspot in new pollutant research [17,18].
MPs are difficult to degrade, can adsorb other pollutants, and accumulate in the food chain,
thus posing substantial hazards [19–21]. Studies have shown that microplastics can alter the
structure and function of ecosystems, ultimately affecting biodiversity [22–26].

Freshwater ecosystems include large bodies of water such as rivers and lakes, as well
as smaller bodies like ditches and ponds [27–29]. These ecosystems, closely related to
human life, boast high species diversity and provide numerous ecological services, making
them highly susceptible to microplastic pollution [30,31]. Microplastics in trash, sludge, and
wastewater can enter freshwater environments directly, while those in soil may be carried
into water bodies by runoff [32–34]. Although current research on microplastic pollution
mainly focuses on marine ecosystems, reports have identified terrestrial ecosystems as
major sources of pollution [35,36]. Freshwater environments often have a more immediate
physical proximity to human activities compared to marine environments, leading to a more
direct impact on water quality and human health through recreational and consumption
routes [37,38]. As freshwater environments are crucial pathways for microplastics to
transfer from land to sea, research on microplastics in freshwater environments is growing
and has yielded important insights. However, it remains less extensive compared to studies
focused on marine environments [39,40].

The study of microplastic pollution in freshwater ecosystems focuses on water bodies,
sediments, and biota, with factors affecting the distribution, accumulation, and migration of
microplastics being key research topics [27,30,31]. It has been demonstrated that microplas-
tics are widely distributed in China’s freshwater environments [41]. An investigation in
the Yangtze River Delta of China found the widespread presence of microplastics [42].
Even in the high-altitude area on the Tibetan Plateau, microplastics are also commonly
present in freshwater [43]. However, due to the diversity of China’s freshwater environ-
ments, the abundance of inhabiting species, varied geographical locations, and complex
socioeconomic backgrounds, data are currently widely distributed and lack systematic
integrity [44]. Moreover, China’s rapid economic growth and the significant contribution
of plastic waste highlight the urgent need for effective policies and actions to address this
issue [45]. Hence, there is an urgent need for research on microplastic pollution in China’s
freshwater environments [46].

This study selects 21 major cities across China, primarily located in the Yangtze and
Yellow River basins, encompassing most types of land use and representing China’s main
freshwater environments. By investigating and analyzing the characteristics of microplastic
pollution in these cities’ freshwater environments, this study aims to answer the following
scientific questions: (1) What are the spatial and temporal distribution characteristics of
microplastic pollution in China’s freshwater environments? (2) What are the potential
sources of microplastic pollution in China’s freshwater environments? (3) What are the
driving factors affecting the distribution of microplastic pollution in China’s freshwater
environments?

2. Materials and Methods

2.1. Sampling Locations

Our study systematically selected 21 cities across China, focusing on both urban and
suburban areas. The sampling covered both large water bodies, such as rivers and lakes,
and smaller ones like ditches and ponds, encompassing naturally occurring and man-made
sites. These cities were strategically chosen to represent a broad spectrum of land use types,
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including but not limited to agricultural, urban, and suburban areas. This diverse selection
aims to capture the varying degrees of microplastic pollution influenced by different human
activities across geographical locations.

Sampling was conducted four times in 2020, during April, June, August, and October,
with three replicates at each site, resulting in a total of 252 water samples. We conducted our
sampling during two distinct seasons: the dry season (spring and autumn) and the rainy
season (summer). This approach allowed us to capture seasonal variations in microplastic
abundance [47]. Detailed information and locations of the sampling sites are provided in
Figure 1 and in Tables S1 and S2.

Figure 1. Spatial distribution of sampling locations across China. Each black dot represents a
sampling site.

Winter was excluded from the seasonal sampling due to the freezing of rivers in
northern China, which poses significant challenges for sampling. Additionally, the reduced
biological and human activity during this season could potentially skew the representation
of microplastic pollution levels.

2.2. Sampling Method

At each sampling site, GPS was used to determine the coordinates, and the surround-
ing environment and water body types were photographed for future reference. Surface
water (5–10 cm deep) was collected randomly in 1000 mL glass bottles after rinsing the
container with site water [48]. Each site had three replicates. The samples were then
transported to the laboratory, stored at 2 ◦C in the dark, and sealed [49].

2.3. Extraction of Microplastics from Water Samples

Currently, there is a complete set of mature methodologies for the extraction and
analysis of microplastics in water bodies [50–52]. Our experiment mainly referenced the
work of Su and Hu [48,49], as shown in Figure S1. The extraction of microplastics from
water samples involves three steps: (1) measure and record the volume of each site and
its parallel water samples. (2) Using a vacuum pump (ME1, Vacuubrand, Wertheim,
Germany) and a glass filter (XX1004700, Millipore, Boston, MA, USA), firstly filter the
water sample onto a nylon membrane filter (NY2004700, Millipore, USA) with a diameter
of 47 mm and a pore size of 20 μm, then rinse the substances on the filter membrane
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into a 250 mL conical flask with 30% (v/v) hydrogen peroxide (H1009, Sigma-Aldrich,
Saint Louis, MO, USA), and finally place it in a high-temperature shaker for digestion
(80 rpm, 65 ◦C, not exceeding 72 h) until the organic matter is completely digested and the
solution is transparent. (3) Filter the digested solution onto a nitrocellulose membrane filter
(HAWP04700, Millipore, USA) with a diameter of 47 mm and a pore size of 0.45 μm, place
it in a 6 cm diameter glass Petri dish, dry it in an oven, and seal and store it for subsequent
analysis. Due to the high amounts of impurities, to ensure the accuracy of the experiment,
each water sample needs to be filtered onto three membrane filters, resulting in a total of
756 nitrocellulose membrane filters.

2.4. Microscopic Examination and Statistical Analysis of Microplastic Samples

Microplastic samples were examined and photographed under a stereomicroscope
(E100, Nikon, Tokyo, Japan) at 30–40× magnification, adjusting as needed for microplastic
size. The ImageJ software (Version 1.8.0) was used for measuring and statistically analyzing
the microplastic sizes. Photographs were used to classify microplastics by shape, size, color,
and abundance.

2.5. Chemical Composition Identification of Microplastic Samples

In this experiment, micro-Fourier Transform Infrared Spectroscopy (μ-FTIR, Spectrum
Two, PerkinElmer, Waltham, MA, USA) was employed to identify the chemical composition
of microplastics, while a Field Emission Scanning Electron Microscope (FE-SEM, Mira
4, Tescan, Brno, Czech Republic) was used to photograph the surface structure of the
microplastics. Initially, a small number of samples were selected for identification to
gain experience, followed by the random selection of a large number of samples for
formal identification.

The μ-FTIR identification process involved transferring samples to clean nitrocellulose
membranes, placing them on the μ-FTIR sample platform, and using the OPUS software
(Version 8.8) for analysis. The FE-SEM process included preparing the samples on conduc-
tive tape, coating them with gold to prevent charging, and photographing them at varying
magnifications based on the sample type.

2.6. Data Acquisition on Population, Economy, Rainfall, and Land Use Types

The population, economic, and rainfall data used in this study were all sourced from
statistical yearbooks published by various city statistics bureaus, while the data on land use
types were derived from the results of China’s third national land survey released by the
Ministry of Natural Resources [53]. The third national land survey of China commenced in
October 2017 and was completed in 2020. The survey comprehensively utilized satellite
remote sensing images with a resolution better than 1 m to create base maps for the
investigation. The survey, lasting three years, involved 219,000 survey personnel and
compiled 295 million survey plot data points, thoroughly clarifying the status of land use
in China. Therefore, the related data used in this study are reliable and credible.

2.7. Quality Assurance

The presence of procedural contamination or air blank contamination can impact
the final results. Therefore, to minimize sample contamination during field sampling,
the following measures were taken: First, before sampling, all containers and tools were
cleaned with filtered water (distilled water filtered through a 47 mm diameter, 5 μm pore
size filter membrane) and covered or wrapped in foil to prevent contamination. Second,
gloves were worn during the sampling process. Third, samples were sealed and stored
immediately after collection to avoid direct exposure to the atmosphere as much as possible.

In the laboratory analysis process, all solutions were filtered and prepared using a
47 mm diameter, 5 μm pore size polycarbonate filter membrane (TMTP04700, Millipore,
USA). During the drying step, five open Petri dishes were used to estimate air blank
contamination within the oven, and after being placed for 72 h, no microplastic blank
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contamination was found in any of the Petri dishes, proving that the oven environment
was clean. To reduce risk, samples were still slightly covered with aluminum foil during
the drying process.

Additionally, we set up five blank controls to rigorously detect any system or experi-
mental errors. These controls were tested alongside the experimental samples in identical
conditions to ensure no contamination influenced our results. The analysis of these blank
controls showed no detectable contamination, affirming the reliability of our experimental
procedures and data.

2.8. Data Analysis

Data analysis and graphing were conducted using RStudio software (Version 4.3.2).
The data were initially subjected to a normal distribution test (Shapiro–Wilk Test) and
a homogeneity of variances test (Bartlett’s Test). If the data were normally distributed,
an ANOVA was used for intra-group variance analysis, followed by a Tukey Test for
inter-group multiple comparisons. If the data did not follow a normal distribution, a non-
parametric testing method (Kruskal–Wallis Test) was employed for intra-group variance
analysis, with Dunn’s Test and the Bonferroni correction method applied for inter-group
multiple comparisons.

The map of vegetation in China was created using ArcGIS (Version 10.2). The map
showing the distribution of sample abundance at sampling sites was generated using R
extension packages (sf, ggspatial), with map vector data sourced from DataV.GeoAtlas [54].
The other figures were produced using RStudio software (Version 4.3.2) and the correspond-
ing extension packages (tidyverse, etc.).

3. Results

3.1. Physical and Chemical Properties of Microplastic Samples

By analyzing 256 water samples through filtration and digestion, a total of 756 filter
membranes were obtained. Microplastic samples on all filter membranes were observed,
photographed, scanned, and identified, with results recorded (Figure 2). Under a stereomi-
croscope set at various magnifications, microplastics of different shapes were observed:
fibers, films, fragments, and pellets. Field emission scanning electron microscopy (FE-SEM)
revealed that the surfaces of these differently shaped microplastics were not smooth, with
most being very rough. The chemical components of the extracted microplastic samples,
identified using micro-Fourier transform infrared spectroscopy (μ-FTIR), were primarily
polyethylene (PE), polyvinyl chloride (PVC), polypropylene (PP), and polystyrene (PS).

Statistical analysis of all samples yielded distribution characteristics of microplastics
in terms of shape, size, and color (Table 1 and Figure 3). Table 1 presents the analysis
results of all samples. In terms of shape, fibers were the most common, accounting for
42.5% of microplastics, followed by films at 38.2%. Regarding size, microplastics smaller
than 0.3 mm predominated, comprising 28.1% of the total, with those smaller than 0.5 mm
making up 51.9%. In terms of color, transparent microplastics were most common at 35.3%,
but colored samples accounted for 64.7%, mainly white and black, indicating that most
microplastics were colored.

Table 1. Distribution characteristics of microplastics by shape, size, and color (%).

Shape Percentage Size (mm) Percentage Color Percentage

Fiber 42.5 <0.3 28.1 Transparent 35.3
Film 38.2 0.3–0.5 23.7 White 20.8

Fragment 11.5 0.5–1 17.1 Black 13.5
Pellet 7.8 1–2 13.8 Blue 11.4

2–3 10.9 Green 9.3
3–5 6.4 Red 6.1

Others 3.5
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Figure 2. Stereomicroscope, SEM, and spectral images of microplastic samples.

Figure 3. Distribution characteristics of microplastics by shape, size, and color. Group information
details can be found in Table S3. All sampling sites were arranged in ascending order of microplastic
abundance and divided into three groups.
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The analysis of various sampling points (Figure 3) showed that in terms of shape,
Group A had the highest proportion of fibers at 48.2%, surpassing the other groups. How-
ever, Group C had the highest proportion of films at 46.6%. In terms of size, Group A had
the highest proportion of samples smaller than 0.5 mm at 55.4%, while Group C had a
higher proportion of samples larger than 0.5 mm, indicating a larger average size. The
distribution of colors among the three groups was relatively even, with no significant
differences (p > 0.05).

Micro-Fourier transform infrared spectroscopy (μ-FTIR) was used for infrared spec-
troscopic analysis of all samples. The statistical analysis of these results provided the
distribution characteristics of the chemical components of microplastics (Figure 4). It was
found that the chemical components of the microplastic samples were mainly polyethylene
(PE), polyvinyl chloride (PVC), polypropylene (PP), and polystyrene (PS), with PE being
the most prevalent at 33.6%, followed by PVC at 21.5%. Figure 4 also reveals that, among all
analyzed samples, there were some non-plastic components, although they only constituted
7.5% of the materials. This indicates that the experimental process extracted not only plastic
samples but also some non-plastic components. While there were minor errors, they were
negligible and did not impact the experimental results.

Figure 4. Distribution characteristics of microplastics by chemical composition. The external circular
chart displays the percentage composition of different types of microplastics identified. The internal
pie chart illustrates the proportion of non-plastic components detected in the samples.

3.2. Spatial Distribution Characteristics of Microplastic Abundance

Statistical analysis of all sampling results revealed the spatial distribution charac-
teristics of microplastic abundance in China’s freshwater environments, with an average
abundance of 3502.6 n/m3 (Figure 5). The lowest abundance was in Xining, Qinghai
(1737.5 n/m3), and the highest in Jiamusi, Heilongjiang (5650.0 n/m3). Microplastics were
primarily found in areas with frequent human activity, including economically developed
and agriculturally intensive regions.

175



Water 2024, 16, 1270

Figure 5. Spatial distribution characteristics of microplastic abundance. The points in the figure
represent different sampling sites, with different colors indicating different groups. The varying sizes
of the points denote different abundances; the larger the area, the higher the abundance.

We categorized all the sample sites into three groups according to the abundance of
microplastics, ranging from lowest to highest (Table S3). Group A’s sampling locations are
predominantly situated in the eastern and western regions, exhibiting the lowest mean
abundance of microplastics at merely 2228.9 n/m3. The sampling sites of Group B are
chiefly located in the southern region, demonstrating a relatively higher mean abundance
of microplastics, calculated at 3346.7 n/m3. Conversely, Group C’s sampling locations are
mainly concentrated in the central and northern regions, with the highest mean abundance
of microplastics, recorded at 4932.3 n/m3. Further analytical examination revealed that the
differences between the groups are markedly significant (p < 0.001).

Subsequent regression analysis was conducted to assess the relationship between the
abundance of microplastics and geographic coordinates (Figure 6). The analysis revealed
that there is a general upward trend in microplastic abundance with increasing longitude,
evidencing a notable positive correlation (p < 0.05). Similarly, an overall upward trend
in microplastic abundance was observed with increasing latitude; however, the positive
correlation in this case was less pronounced (p > 0.05). Thus, these findings allow us to
deduce that the abundance of microplastics in China’s freshwater environments exhibits a
general increasing trend from west to east and from south to north.

Figure 6. Geographic distribution characteristics of microplastic abundance. The major part of the
figure is the regression analysis, with a small chart in the left corner showing the trend of microplastic
abundance changes.
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3.3. Temporal Distribution Characteristics of Microplastic Abundance

Statistical analyses of data from four sampling events elucidated the temporal distribu-
tion patterns of microplastic abundance in freshwater environments across China (Figure 7).
Overall, the abundance of microplastics demonstrated an initial increase followed by a de-
crease within the period from April to October. Among these sampling points, the month
of June recorded the peak abundance of microplastics, reaching 4776.2 n/m3. This was suc-
ceeded by August, with an abundance of 3904.8 n/m3, and subsequently October, showing
2771.4 n/m3. The lowest abundance was observed in April, with a mere 2557.1 n/m3.

Figure 7. Temporal distribution characteristics of microplastic abundance. The p-value in the top
left corner represents the difference among all groups. The number of asterisks * above the lines
connecting groups indicates the size of the p-value; * for p < 0.05, ** for p < 0.01, **** for p < 0.001.

When comparing the microplastic abundances across the four sampling instances, the
variations were found to be highly significant (p < 0.001). Specifically, the comparative
analysis between adjacent sampling periods highlighted that the difference between April
and June was the most pronounced, followed by a discernibly significant difference between
August and October, while the gap between June and August was relatively minor.

In China, April typically corresponds to the spring season, and October to the autumn
season, with both June and August falling within the summer period. Conducting an
analysis based on these seasonal distinctions, the data reveal a seasonal distribution trend
for microplastic abundance in China’s freshwater environments: the highest abundance is
recorded during the summer months, averaging 4340.5 n/m3, followed by autumn with
2771.4 n/m3, and the lowest in spring at 2557.1 n/m3.

3.4. Relationship between Microplastic Distribution and Land Use Types

Figure 5 has already shown that microplastics are mainly distributed in areas with fre-
quent human activities, including economically developed and agriculturally concentrated
regions. However, the specific relationship between microplastic distribution and various
types of land use, and the extent of this relationship, has yet to be determined. This section
will further explore the relationship between the characteristics of microplastic distribution
and land use types.

Using the R extension packages (linkET and vegan), a Mantel test was conducted to
examine the relationship between the abundance of microplastics and types of land use
(Figure 8). The Mantel test, a statistical method used to assess the correlation between
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two distance matrices, helps us understand the relationship between the geographical
distribution of microplastics and various land use types. This non-parametric test is
particularly useful in ecological studies where data may not meet the assumptions required
by more traditional parametric tests.

Figure 8. Mantel test. The lower left corner of the figure displays a correlation network diagram
between microplastic abundance and land use types, with red lines indicating positive correlations
and blue lines indicating negative correlations. The thicker the line, the stronger the correlation. The
upper right corner shows a heatmap of correlations between land use types, with red indicating
positive correlations and blue indicating negative correlations. The larger the square area, the larger
the correlation coefficient. Asterisks indicate the level of significance of the correlation, * for p < 0.05,
** for p < 0.01.

The results showed a correlation between different types of land use. There was a
relatively high correlation between urban and transport land (r = 0.65) and a considerable
correlation between agricultural land and both urban (r = 0.57) and transport land (r = 0.63).

Examining the relationship between microplastic abundance and types of land use,
with April sampling as an example, the highest correlation was found with agricultural
land, followed by transport and then urban land. The correlation p-values were all less
than 0.01, indicating a highly significant relationship. A weak correlation existed between
microplastic abundance and wetlands, with a p-value less than 0.05 but greater than 0.01.
No correlation was found between microplastic abundance and gardens, forests, grasslands,
and water area lands, with all p-values greater than 0.05. Similar correlation patterns were
observed in the analysis of samples from other months.

The Mantel test indicated that the distribution characteristics of microplastics are
directly related to types of land use, mainly concentrated in areas with frequent human
activities, including agricultural, transport, and urban land.

Further analysis through redundancy analysis (RDA) using R extension packages
(ggpubr, ggrepel, and vegan) delved into the impact of land use types on microplastic
distribution characteristics. The data were first subjected to Hellinger transformation for
dimensionality reduction and normalization to enhance reliability.

Results (Figure 9) confirmed that agricultural, transport, and urban land have the
most significant impact on microplastic abundance. This is in complete agreement with the
Mantel test results, further proving that microplastic distribution characteristics are directly
related to types of land use, primarily concentrating in areas of frequent human activity
such as agricultural, transport, and urban land.
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Figure 9. Redundancy analysis (RDA). The x-axis (RDA1) and y-axis (RDA2) represent the first and
second principal components, respectively, explaining the highest proportions of variance in the data
set. The points in the figure represent samples, with different colors indicating different groups, while
arrows originating from the origin represent land use types. The length of an arrow indicates the
strength of the impact of land use type on microplastic abundance, with longer arrows indicating a
stronger influence of that land use type. The angle between an arrow and the axes represents the
correlation between the land use type and the axes, with smaller angles indicating higher correlations.
The vertical distance from a sample point to an arrow and its extension line indicates the strength of
the impact of land use type on microplastic abundance; the closer a sample point is to an arrow, the
stronger the influence of that land use type on microplastic abundance. If a sample point is in the
same direction as an arrow, it indicates a positive correlation between microplastic abundance and
that land use type. If a sample point is in the opposite direction of an arrow, it indicates a negative
correlation between microplastic abundance and that land use type.

3.5. Relationship between Microplastic Distribution and Social and Natural Factors

Figure 7 has shown that the abundance of microplastics changes over time, with June
showing higher abundance than other months. To understand why this variation occurs, a
regression analysis was conducted between microplastic abundance and social and natural
factors (Figure 10).

The results showed a negative correlation between microplastic abundance and re-
gional GDP, indicating that economically developed areas do not necessarily have higher
microplastic abundance (Figure 10A). A positive but not significant correlation (p > 0.05)
was found between microplastic abundance and population size, suggesting that microplas-
tic abundance tends to increase with population growth (Figure 10B).

A strong positive correlation (p-value close to 0.01) was found between microplastic
abundance and regional area, indicating that microplastic abundance increases with the size
of the area (Figure 10C). Correlation analysis between microplastic abundance at different
sampling sites across various months and rainfall showed a very strong positive correlation
(p < 0.001), identifying rainfall as the most critical factor affecting microplastic distribution
(Figure 10D).
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Figure 10. Regression analysis of microplastic abundance with social and natural factors.
(A) Regression analysis of microplastic abundance with GDP. (B) Regression analysis of microplastic
abundance with regional population. (C) Regression analysis of microplastic abundance with regional
area. (D) Regression analysis of microplastic abundance with rainfall. (A–C) use the average values
of four samplings. (D) uses all the values of four samplings, including microplastic abundance
and rainfall.

4. Discussion

4.1. Spatial and Temporal Distribution Characteristics of Microplastic Pollution

This study discovered an overall trend of increasing microplastic abundance from west
to east and from south to north in China’s freshwater environments. Agricultural lands in
China are mainly concentrated in the central, eastern, and northern regions [55], which is
evident from the land type distribution shown in Figure 1. There is an inevitable correlation
between the two. When categorizing all sampling points based on microplastic abundance
from low to high, significant differences were observed between the groups (p < 0.001),
with Group C sampling points showing the highest microplastic abundance, which also
had the highest proportion of agricultural land. This precisely indicates that the possible
source of microplastics in freshwater environments is the adjacent farmlands [56,57].

Overall, the abundance of microplastics increased first and then decreased from April
to October, with the highest abundance recorded in June. This pattern corresponds with
China’s rainy season, which mainly occurs from June to August (summer). Although
Group C did not experience the highest rainfall, the accumulation of microplastics during
the dry season (spring) is expected to be higher than in the other groups.

In the dry season, microplastics accumulate on the soil surface or on roads covered
with dust [58,59]. Kang et al. conducted a study in Goyang city, South Korea, and found
that microplastic concentrations in road dust increased with the drying period, suggesting a
significant accumulation of these pollutants on road surfaces in dry conditions [60]. Their re-
search indicated that after a three-day drying period, the concentration of microplastics was
notably higher, with a significant portion originating from vehicle tires and road materials.

During the rainy season, these microplastics are transported to freshwater environ-
ments with rainwater runoff [61–63]. Koutnik et al. conducted a global analysis on the
distribution of microplastics in soil and freshwater environments, focusing on the factors
affecting their concentration and the fundamental transport processes. Their findings
indicate that microplastic concentrations in inland locations such as glaciers and urban
stormwater were significantly higher than in rivers, suggesting the importance of rainwater
runoff in microplastic transport [64].
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Furthermore, regression analysis between regional population, area size, and mi-
croplastic abundance revealed a positive correlation, though not significant. However,
there was no positive correlation between regional GDP and microplastic abundance, pos-
sibly because economically developed areas have a lower proportion of agricultural land
and pay more attention to environmental protection, thereby limiting the use of plastic
products [65–68].

4.2. Potential Sources of Microplastic Pollution

Both Mantel tests and redundancy analysis (RDA) indicate that the distribution charac-
teristics of microplastics are directly related to land use types, predominantly concentrated
in areas of frequent human activity, including agricultural, transport, and urban land.

Agricultural activities involve extensive use of plastic greenhouses and mulch films,
mostly made of polyethylene (PE) or polyvinyl chloride (PVC) [69–71]. Zhang et al. found
the agricultural plastic film usage in China in 2017 was 2,528,600 tons [72]. After agricultural
film recycling and water erosion, the plastic debris amount was estimated as 465,016 tons.
The water erosion process carried 4329 tons of plastic debris into the aquatic environment.
Studies have shown that under the combined effects of sunlight and rainfall, these plastic
films continuously break down into smaller pieces, forming microplastics that can migrate
into deeper soil layers [73]. Additionally, the long-term application of sludge and organic
fertilizers is another significant source of microplastic pollution in farmlands [74]. About
90% of microplastics in wastewater accumulate in sludge, which is often used as fertilizer
after pretreatment [75]. However, conventional sludge pretreatment methods, such as
anaerobic fermentation and heat drying, are ineffective in removing microplastics [76,77].
Thus, microplastics enter and accumulate in the soil through sludge used as fertilizer [78].
This explains why polyethylene and polyvinyl chloride are the main chemical components
of microplastic samples in this study (Figure 4). Among all sampling points, Group C had
the highest proportion of film-shaped microplastics and the largest average size, likely
related to the high proportion of agricultural land in this group.

In transportation activities, microplastics primarily originate from two sources. The
first source is road dust [79]. Su et al. found that the average abundance of microplastics in
road dust collected from typical streets in Phillip Bay, Australia, and its upstream area dur-
ing different precipitation seasons ranged from 20.6 to 529.3 items/kg [80]. Fibers (70.8%),
individuals smaller than 1 mm (41.9%), and polymers like polyester and polypropylene
(combined 26.3%) constituted the majority of microplastics. Monitoring road dust is an
economical and effective method for preliminary screening of microplastic pollution levels
from atmospheric or urban non-point source diffusion. Road dust has been proven to be an
important site where microplastics enter the environment from non-point sources [60,79].
The second major source in transportation is tire and brake wear [81]. Evangeliou et al. con-
ducted global simulations of the atmospheric transport of microplastic particles produced
by road traffic, including tire wear particles (TWPs) and brake wear particles (BWPs) [82].
Their findings reveal a high transport efficiency of these particles to remote regions, suggest-
ing a significant environmental impact far from their urban source areas. Recent research
by Griffith University in Australia analyzed the quantity and type of tire wear particles
(TWPs) in urban stormwater runoff [83]. As tires wear, they release particles of varying
sizes, from visible rubber chunks to microplastics. Annually, 6.6 million tons of TWPs are
released worldwide, becoming a significant source of microplastic pollution.

Urban areas, as major human settlements, continuously generate a vast amount of
microplastic pollution [59]. This experiment showed that fibers are the predominant shape
of microplastics in China’s freshwater environments (42.5%). Similar findings have been
reported in many studies, especially those investigating urban water bodies [84,85]. For
instance, studies were conducted in the Ottawa River basin in Canada and the Rhine River
basin in Germany, where fiber detection rates exceeded 60%, with some areas reaching up
to 100% [86,87]. Additionally, Hu et al. investigated microplastic distribution in 25 small
water bodies in the Yangtze River Delta urban agglomeration, including Shanghai and Zhe-
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jiang [48]. The results showed that microplastics were universally present, with an average
abundance of 0.5–21.5 items/liter, predominantly in fiber form, accounting for 87.8%. A
significant source of high fiber content in freshwater environments is domestic scattered
discharge, such as the washing of synthetic clothing [88,89]. Another significant source is
sewage treatment plants, where a large amount of non-removed microplastics remaining in
the effluent or sewage sludge enters the water and soil through direct discharge or sludge
reuse [90]. Currently, most sewage treatment plants (STPs) have varying processes for re-
moving fibrous microplastics and have not yet established a unified standard for effectively
treating microplastics, which is a significant challenge in addressing urban microplastic
pollution [91,92].

4.3. The Driving Role of Rainfall on the Distribution of Microplastics

In this study, regression analysis between the abundance of microplastics at all sam-
pling points and the rainfall in different months shows a very strong correlation (p < 0.001).
This indicates a positive correlation between the abundance of microplastics and the amount
of rainfall. Moreover, the detection results at all sampling points vary with the seasons,
showing significant differences in the abundance of microplastics across different months.
Combined with the multi-variate statistical analysis of human activities and meteorological
data, it was found that urbanization and precipitation significantly affect the abundance
and distribution of microplastics. It can be assumed that there is a pattern where microplas-
tics, originating from human activities including agricultural production, transportation,
and daily life, first accumulate in the soil environment during the dry season, and then
are washed away and transported by runoff during the rainy season, eventually entering
freshwater environments.

Freshwater microplastics primarily come from land-based sources, which can be
divided into point sources and non-point sources [93]. Point sources include sewage
treatment plants, plastic manufacturing companies, etc., while non-point sources include
farmlands, roads, residential buildings, and commercial areas [94]. The types and colors of
microplastics in water environments change with different land pollution sources [40,95].
In the investigation of microplastics in Italy’s Ofanto River, due to the impact of agricultural
activities in the watershed, especially the use of plastic film, black film-shaped microplastics
dominated [96]. This indirectly proves the driving role of rainfall on the distribution of
microplastics. In this study, the color distribution ratio of the three groups of samples was
relatively balanced, with no significant differences (p > 0.05). This may be due to different
pollution sources near different sampling points, showing no clear pattern.

Apart from rainfall, wind is also an important driver affecting the distribution of
microplastics [97]. This is because the density of microplastic particles is much lower than
that of soil minerals like quartz, and they are less “sticky”, making them less likely to
be captured by moisture like soil minerals [98]. Therefore, microplastics are more easily
carried away by the wind [99]. Sometimes, the wind may not be strong enough to lift
dust, but it can still carry microplastics into the air [100]. A study showed that smaller
plastic particles can travel farther in the atmosphere [101]. Microplastic particles of 10 μm
or smaller tend to fall closer to their source, but many particles of 2.5 μm or smaller can
be carried far from the source. We acknowledge recent findings by Xiao et al., which
highlight the significant role of microplastic fiber shapes in their long-distance atmospheric
transport [102]. These insights are particularly relevant to our discussion on the pathways
and mechanisms of microplastic migration. In agricultural activities, wind can promote
the degradation of plastic film into microplastics and facilitate the spread of microplastics
in the atmosphere [103]. In transportation activities, two major sources of microplastics—
road dust and tire wear—are also affected by wind in addition to being washed away by
rainfall [104].
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5. Conclusions

This study elucidated the spatial and temporal distribution characteristics and poten-
tial sources of microplastic pollution in China’s freshwater environments. It was found
that the abundance of microplastics generally increases from west to east and from south to
north, with higher abundance observed during the rainy season (summer) compared to the
dry season (spring and autumn). The main reason is that the distribution of microplastics
is directly related to land use types, primarily originating from agricultural, transport, and
urban land. The change in microplastics’ abundance with the seasons is mainly driven
by rainfall. However, the threshold of rainfall that triggers the migration of microplastics
remains unclear, which is a direction for future research [105].

This study is the first to investigate the spatial and temporal distribution characteristics
of microplastic pollution in China’s freshwater environments on a national scale, enriching
the data on microplastic pollution in China’s freshwater environments and filling a research
gap in this field. The findings of this study provide a solid scientific basis for the control
and legislation of microplastics, thereby establishing reliable monitoring schemes and
formulating effective measures to protect freshwater environments.
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Abstract: This paper provides a detailed description of the findings and methodology related to
the monitoring of microplastics in three lakes and one river of the Akmola Region in Kazakhstan.
The concentration of microplastic particles and the analysis of water and sediment quality of
the Yesil River and Kopa, Zerendinskoye, and Borovoe lakes have been analyzed. A total of 64
water samples were collected across the spring, summer, and autumn seasons, with subsequent
analysis revealing a seasonal increase in microplastic concentrations. The average microplastic
content ranged from 1.2 × 10−1 particles/dm3 in spring to 4.5 × 10−1 particles/dm3 in autumn.
Lakes exhibited higher concentrations compared to the Yesil River. Correlation analysis highlighted
a connection between microplastic content and turbidity, particularly notable during the spring
season. Analysis of sediments revealed a decrease in microplastic concentrations from the coastal
zone toward open waters sediments. Microplastic fibers were predominant in sediments (69.6%),
followed by fragments (19.1%), films (7.4%), and granules (3.9%). Larger particles (>500 μm) were
found in beach sediments, constituting an average of 40.5% of the total plastics found. This study
contributes valuable insights into the spatial and temporal distribution of microplastics, emphasizing
the need for ongoing monitoring and management strategies to address this environmental concern.

Keywords: microplastics; Akmola region; Yesil river; sediments; water quality indicators

1. Introduction

Improved water supply, sanitation, and better water resource management can boost
economic growth and aid in poverty reduction. Access to clean and safe water is crucial for
maintaining a healthy society [1]. However, the increasing presence of suspended organic
and inorganic substances, along with anthropogenic macro and micro ions in water bodies,
hampers natural self-purification processes and harms aquatic life. Elevated levels of these
substances in watercourses can lead to severe diseases and health issues in humans [2–4].

This study builds upon extensive scientific research conducted in Northern Kaza-
khstan, specifically in the North Kazakhstan and Akmola provinces. Previous investiga-
tions focused on protecting and efficiently utilizing water resources, as well as evaluating
water quality [5–7]. Both natural and human-induced factors affecting hydrochemical
indicators in Northern Kazakhstan’s natural waters were explored. Long-term studies
have shown that anthropogenic activities significantly impact hydrochemical indicators in
surface waters, contributing to their deterioration [8–11].

The challenges surrounding the management and processing of solid domestic waste
persist as critical and unresolved issues in contemporary Kazakhstan. Recent studies
have examined various aspects, including the sorting and utilization of solid domestic
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waste [12–14], the recycling of plastic waste [15,16], and the impact of plastic bottle landfills
and dumps on environmental components [17–19].

Plastics are widely manufactured and utilized for various purposes, ranging from
medical and technological applications to packaging and wrapping, owing to their unique
properties such as low density, thermal and electrical conductivity, corrosion resistance,
and cost-effectiveness. However, despite its widespread use, plastic has evolved into
a global menace for the natural environment [20], human health, and living organisms.
The convenience of plastic has led to approximately 40% of it being single-use with a
brief lifespan of just a few minutes but a decomposition period in the environment that
can extend to several hundred years [21]. According to [22], “2500 million tons of plastic,
equivalent to 30% of all plastics ever produced, are currently in use. Between 1950 and
2015, the cumulative generation of primary and secondary (recycled) plastic waste was
6300 million tons. Of this, about 800 million tons (12%) of plastic were incinerated, and
600 million tons (9%) were recycled, with only 10% of it being recycled more than once”.

Due to their low density, which is similar to that of water, plastic microparticles tend
to float on the water’s surface. The y are easily transported by surface runoff from coastal
areas, landfills, and unauthorized dumps into rivers and lakes. This situation is particularly
severe in regions with high tourism potential and a poor culture of plastic waste disposal,
leading to the littering of coastal zones with plastic debris. Inadequate infrastructure and a
lack of environmental awareness among the population and tourists in the Akmola region
and Kazakhstan as a whole contribute to the widespread pollution of coastal areas, which
then extends to rivers and lakes. The problem is exacerbated by numerous unauthorized
landfills and the discharge of household wastewater into lakes, increasing the risk of plastic
pollution in water bodies. According to reports from the Ministry of Ecology, Geology,
and Natural Resources of the Republic of Kazakhstan and Forbes Kazakhstan, satellite
images taken in 2021 identified over 600 unauthorized solid waste disposal sites in the
Akmola region, with the regional center of Kokshetau accounting for 23.5% (147 dumps).
The region lacks proper facilities for sorting and processing solid domestic waste, resulting
in a recycling rate of no more than 3% [23].

The absence of effective plastic recycling solutions results in the gradual degradation
of plastic waste in the environment due to solar radiation, mechanical forces, and biological
processes, forming particles of various sizes, including macro-, micro-, and nano-sized,
known as microplastics (MP) [19]. While there are ongoing discussions regarding the
definition and classification of microplastics, as well as the lower size limit, it is widely
accepted that they encompass plastic particles smaller than 5 mm [24–27]. The se small
plastic particles pose significant environmental hazards and can enter the bodies of animals
and humans through water and food intake [28–30]. Studies suggest that Americans con-
sume an estimated 13% of their daily diet in the form of microplastic particles. Additionally,
previous research has examined drinking water as a potential source of microplastic inges-
tion. A study conducted by Newcastle University for WWF in 2019 found that, on average,
individuals may ingest up to 5 g of plastic per week through food consumption [31].

In 2017, it was reported that microplastic (MP) particles can accumulate in the liver,
kidney, and intestine of mammals, with the rate of tissue accumulation and distribution
influenced by the particle size. Exposure to microplastics has been observed to disrupt
energy and lipid metabolism, as well as induce oxidative stress [32]. In 2019, a study
highlighted the inadvertent ingestion of microplastics by humans from various sources.
The authors underscored the need for further research into the extent of microplastic
consumption and its potential impact on human health [33]. Additionally, the presence of
microplastics has been detected in all parts of the placenta, including maternal, fetal, and
amniochorionic membranes. This suggests that microplastics carry substances that act as
endocrine disruptors, potentially leading to long-term health effects [34].

The danger of microplastic (MP) intake into the bodies of animals and humans
is also linked to its ability to absorb and hinder the sedimentation of organic pollu-
tants and heavy metals, leading to increased turbidity and coloration of natural water.
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Pollutants absorbed in this manner can subsequently enter the bodies of aquatic organisms
and humans, elevating the risk of toxic effects [35–37]. The significance of international
research on microplastics as an environmental pollutant is evident from the substantial
increase in scholarly works over the past decade. Due to the relatively limited study of
this issue, research topics are diverse, encompassing analyses of extent, behavior, risks to
human health and specific species, and the impacts of microplastic pollution in freshwater
systems [38]. Other areas of research include the standardization of monitoring meth-
ods in marine regions to facilitate comparison and assessment of microplastic pollution
over time [39], as well as the historical development of marine anthropogenic litter [40].
Analysis of scientific literature available in open sources indicates a lack of research on
microplastics in Kazakhstan’s environment, with existing publications often lacking in-
depth analyses of the problem. For instance, scientists at the Institute of Hydrobiology and
Ecology of the Republic of Kazakhstan conducted an analysis of macro- and microplastics
based on monitoring results from the Caspian Sea. The ir study concludes that further
research is necessary to qualitatively and quantitatively assess the extent of plastic pollution
and its impact on living organisms and the ecosystem of the sea [41].

One of the few studies conducted in Russia, a neighboring country to Kazakhstan,
was published in 2021, reporting for the first time on microplastics in inland lakes of
South Siberia. This study investigated particle sizes, their concentrations in lakes, sur-
face morphology, and the elemental composition of plastics using spectroscopic methods.
Additionally, factors influencing the presence of microplastics in lakes were identified.
The paper emphasizes the necessity of increasing attention to waste management prac-
tices [42]. The quantity and distribution of microplastics in natural waters can be influenced
by various environmental factors, including salinity, water depth, pH, and temperature [43].
However, further research with additional factors and experimental data are required to
establish their impact on the prevalence of microplastics in natural waters [44]. Given the
lack of comprehensive studies on microplastics in natural waters of Kazakhstan, it is perti-
nent to monitor microplastics in rivers and lakes, seek correlations between microplastic
content, water depth, and quality, and analyze microplastic content in contact media such
as coastal and bottom sediments.

In this work, the behavior of microplastics in the natural water objects of the Akmola
region (Kazakhstan) is analyzed, giving recommendations on the sustainable and safe use
of natural waters in Kazakhstan. This research helps to find a solution to the issue of the
safety of natural waters in the region while contributing to the study of the problem of
pollution of natural waters by microplastics.

2. Description of the Study Area

Microplastic monitoring was conducted within the Yesil River basin, the sole water-
course in the Akmola region of Kazakhstan, running from southeast to northwest and
further north towards the North Kazakhstan region [45]. The Akmola region encompasses
a 1027 km-long section of the river, covering approximately 20,000 km2 [46]. The formation
of a stable ice cover typically occurs by the end of November, with ice formation potentially
beginning as early as October. The river experiences significant spring flooding, which
typically subsides by the end of May in the upper reaches and by the end of June in the
northern reaches [47]. Based on these characteristics, sampling was scheduled during the
spring period (at the end of the spring flood) in May and during the autumn period (before
ice cover formation) in September. Summer precipitation has minimal impact on the river’s
water regime, and summer floods are uncommon [48]. During the sampling period in the
summer season of 2023, no rainfall was observed.

The Yesil River within the city of Astana, the capital of Kazakhstan, is a popular
destination for both local residents and visitors. The water quality of the Yesil River in
Astana is influenced by various factors in the sampling area, including industrial enter-
prises such as the “GazMashApparat” plant, overflow dams, river tributaries (such as the
Akbulak river mouth), Triathlon Park, and city embankments frequented by the population.
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Additionally, within the Akmola region, lakes Kopa, Zerendinskoye, and Borovoe were
examined for microplastic content. The se lakes are all heavily visited by the population,
with Zerendinskoye and Borovoe Lakes being particularly popular during the summer
months. Lake Kopa, located within the city of Kokshetau, sees visitors throughout the year.
The locations of these three lakes are indicated in Figure 1.

Figure 1. Location of Kopa, Zerendinskoye and Borovoe lakes.

Lake Kopa is situated near the base of the Kokshetau Upland, in the northwestern part
of Kokshetau City. It spans an average area of 14 km2 with depths ranging from 2.0 to 3.0 m.
The total catchment area is 3860 km2, primarily consisting of the lake’s tributaries: the
Chaglinka River from the southwest and the Kylshakty River from the southeast, with only
a small portion (80 km2) directly contributing to the lake [49]. The lake remains perennial
and does not dry up. The water quality of Lake Kopa may be influenced by various factors
including public groundwater wells, the Urker Palace restaurant, the Shagalaly River which
flows into the lake carrying pollution from Krasny Yar village, as well as the presence of
railway tracks and the city beach. Sampling sediment was challenging due to dense reed
and cattail thickets, with an average width of 300 m, and a viscous lake bottom covered
with a layer of clayey, loamy silt ranging from 0.5 to 2.8 m thick.

Lake Borovoe, located in the Shchuchinsky district of the Akmola region, is a drainless
lake situated at the eastern base of Mount Kokshe. Covering an area of 10.5 km2 (with
dimensions of 4.5 km in length and 3.9 km in width), it boasts an average depth ranging
from 4.5 to 7.0 m [50,51]. Lake Borovoe serves as a resort destination, frequented not only
by local residents but also by tourists from distant regions of Kazakhstan and abroad.
The water quality of Lake Borovoe may be affected by various tourist attractions, including
the boat station, Baitas Hotel, S. Seifullin Secondary School, the ring transport road, the
mouth of the Sarybulak Brook, and the Aynakol entertainment complex.

Lake Zerendinskoye, located in northern Kazakhstan within the Yesil River basin, is
approximately 50 km away from Kokshetau. It measures 5.3 × 3.5 km in size, with an
area of 9.61 km2 and a coastline spanning 19.4 km. The lake boasts an average depth of
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4.2 m and features a flat sandy bottom, occasionally adorned with pebbles and scattered
boulders. Sandy beaches adorn the shores, and the water of the lake is fresh and transparent.
While Lake Zerendinskoye is not a popular tourist destination, certain areas along its
shoreline may pose a risk to water quality. The se include the M. Gabdulin secondary
educational school, a rural hospital, the Zeren Nur recreation center, a fishery enterprise, the
Vostochnaya recreation center, and a public recreation area near the Balkadisha monument.

3. Materials and Methods

3.1. Location of the Sampling Points

The selection of natural water sampling points was carried out in collaboration with
specialists from the Astana and Kokshetau branches of the Republican State Enterprise
“KazHydromet”. During the selection process, consideration was given to potential sources
of pollution and the key characteristics of the rivers and lakes under investigation. Detailed
information regarding the sampling points, as well as the main characteristics of the water
bodies, can be found in Tables 1–4 and Figures 2–5.

Table 1. Sampling points at Kopa Lake.

Sampling Point GPS Coordinates Description

1 53.286948, 69.354102 Public groundwater wells
2 53.297121, 69.336914 Urker Palace Restaurant

3 53.313779, 69.322168 Mouth of the Shagalaly River
(Krasny Yar village)

4 53.327312, 69.328756 Railway tracks
(Krasnoye village)

5 53.319875, 69.364748 Kokshetau meteorological station
“Kazhidromet” for Akmola region

6 53.300309, 69.379781 City beach
7 53.312930, 69.351676 Center of the lake
8 53.305157, 69.357763 Center of the lake

Table 2. Sampling points at Lake Zerendinskoye.

Sampling Point GPS Coordinates Description

1 52.914085, 69.141020 M. Gabdulin Secondary School
2 52.906375, 69.126523 Rural hospital
3 52.922582, 69.083956 Zeren Noor Recreation Centre
4 52.940660, 69.113021 Fishery enterprise
5 52.940180, 69.125558 Vostochnaya recreation center
6 52.935238, 69.136085 Public recreation site, Balkadisha Monument
7 52.928451, 69.121305 Center of the lake
8 52.920951, 69.127372 Center of the lake

Table 3. Sampling points at Lake Borovoe.

Sampling Point GPS Coordinates Description

1 53.089900, 70.254179 Boat station
2 53.087245, 70.268173 Hotel Baitas
3 53.084186, 70.299261 S. Seifullin Secondary School
4 53.076950, 70.302128 Ring Road
5 53.067756, 70.301272 Mouth of Sarybulak Creek
6 53.061712, 70.296819 Aynakol Entertainment Complex
7 53.078176, 70.278866 Center of the lake
8 53.071580, 70.280757 Center of the lake
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Table 4. Sampling points on the Yesil River (within Astana city limits).

Sampling Point GPS Coordinates Description

1 51.159911, 71.398368 GasMashApparat plant area
2 51.156111, 71.407128 Overflow dam
3 51.160420, 71.422823 City embankment, area of Kenesary monument location
4 51.149496, 71.437259 Mouth of Akbulak River
5 51.132982, 71.447133 Triotlon Park

6 51.124678, 71.453330 City embankment, the area of the residence of the President
of the Republic of Kazakhstan Akorda

7 51.152855, 71.427425 Riverbank
8 51.159903, 71.417597 Riverbank

Figure 2. Map-scheme of sampling points location at Kopa Lake.

Figure 3. Map-scheme of sampling points location at Lake Zerendinskoye.
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Figure 4. Map-scheme of sampling points location at Lake Borovoe.

Figure 5. Map-scheme of sampling points on the Yesil River within the city of Astana.

For sediment sampling, a total of 30 sampling points were identified, and their coordi-
nates were meticulously recorded. The sampling points were categorized as DO (denoting
bottom sediments), SW (representing the water’s edge), and ZZ (indicating the splash
zone). Detailed information regarding these sampling points, along with their respective
coordinates, can be found in Tables 5–8.
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Table 5. Sediment sampling points at Kopa Lake.

Sample Number GPS Coordinates Location

1
53.300309, 69.379781

DO
2 UW
3 ZZ

4
53.297121, 69.336914

DO
5 UW
6 ZZ

Table 6. Sediment sampling points at Lake Zerendinskoye.

Sample Number GPS Coordinates Location

7
52.940180, 69.125558

DO
8 UW
9 ZZ

10
52.935238, 69.136085

DO
11 UW
12 ZZ

13
52.914085, 69.141020

DO
14 UW
15 ZZ

Table 7. Sediment sampling points at Lake Borovoe.

Sample Number GPS Coordinates Location

16
53.076950, 70.302128

DO
17 UW
18 ZZ

19
53.067756, 70.301272

DO
20 UW
21 ZZ

22
53.061712, 70.296819

DO
23 UW
24 ZZ

Table 8. Sediment sampling points on the Yesil River.

Sample Number GPS Coordinates Location

25
51.156111, 71.407128

DO
26 UW
27 ZZ

28
51.101215, 71.514357

DO
29 UW
30 ZZ

3.2. Water Sampling Equipment and Sampling Methodology

The following equipment was utilized for water sampling to analyze physico-chemical
parameters and for the extraction of microplastics and sediment sampling:

- GR-91 rod dredger with a bucket volume of 300 cm3;
- Ruttner bathometer with a volume of 5 dm3;
- Metal bucket with a volume of 10 dm3;
- Metal scoops and spatulas;
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- Glass jars;
- Glass Petri dishes;
- Metal tweezers;
- Aluminum foil;
- Sefar polyamide mesh with a mesh size of 100 μm.

For sampling surface water sources for microplastic analysis, a metal bucket with a
volume of 10 dm3 was used. Water was collected by scooping from the surface layer at
a depth ranging from 5 to 20 cm. Filtering was conducted until a total volume of 100 L
(equivalent to 10 buckets of 10 dm3) of water was filtered.

Water was filtered from a depth of 1.5 m using a bathometer with a volume of 5 dm3,
with a total volume filtered from this depth amounting to 50 dm3. The study refrained from
using manta trawl nets due to concerns regarding the potential for cross-contamination and
microplastic transfer between samples [52]. To mitigate this risk, a new filter was employed
for each sample. Despite the widespread global practice of using meshes ranging from
300 to 390 μm for monitoring microplastics in surface waters [53–55], the study opted for
the smallest mesh size available in Kazakhstan, which was 100 μm. Volumetric sampling,
followed by filtration similar to the approach outlined in [56], was employed in the study.
At each new sampling point, the sampler, bucket, and filter device were thoroughly rinsed
with distilled water. Following filtration, the filters were transferred to glass Petri dishes,
with each filter placed in a separate dish labeled with the sample number and location.

Recent estimates indicate that 70% to 90% of aquatic microplastic particles accumulate
in sediment profiles [57]. To validate the hypothesis of microplastic input into water bodies
from the coastal zone and to gain a more comprehensive understanding of microplastic
distribution, the content of microplastics in bottom sediments of open waters and coastal
zone sediments was assessed at three distinct locations [58]:

(i) Wave splash zone;
(ii) Water edge;
(iii) Bottom sediment zone at depths ranging from approximately 1.23 to 1.53 m (the

maximum feasible depth for manual sediment sampling, determined by the geological
structure of the bottom).

In each zone, samples were collected at five evenly distributed points along the entire
10-m length of the site. This method resulted in a total of five individual samples for each
zone, covering bottom sediments, the water’s edge, and the splash zone. The boundaries of
the sampling zones were delineated using a measuring tape. Cut-off and sediment samples
were gathered with a metal scoop into glass jars, while bottom sediments were obtained
using a hand dredge. Accessible sites were chosen for sediment sampling to ensure the
collection of all three intended sediment groups: sediments, the water’s edge, and the wave
splash zone. Sampling was avoided in areas where shoreline access was impractical, such
as locations with overgrown reeds or areas where the natural shoreline had been altered
into a stone embankment.

Bottom sediments were sampled to a depth of 5.0 ± 0.5 cm and packed in glass con-
tainers with metal lids. Each sample was carefully labeled and transported to the laboratory
for further analysis. Upon arrival, the samples were dried at 30 ◦C and subsequently stored
in glass containers in a refrigerator at 4 ◦C until analysis. Beach sediments (referenced in
Table 9) were sampled from an area located on the same transect (perpendicular) as the
sampled sediments. This area was positioned at a far distance of 5 m from the water’s edge
line, extending 5 m from the perpendicular line in each direction. The defined area was
marked with colored tape, with a total area of 10 × 5 m.
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Table 9. Beach sediment sampling points.

Sample No. Place of Selection GPS Coordinates

1 Kopa Lake 53.300309, 69.379781
2 Kopa Lake 53.297121, 69.336914
3 Zerendinskoye Lake 52.940180, 69.125558
4 Zerendinskoye Lake 52.929259,69.142834
5 Zerendniskoye Lake 52.914085, 69.141020
6 Borovoe Lake 53.076950, 70.302128
7 Borovoe Lake 53.067756, 70.301272
8 Borovoe Lake 53.061712, 70.296819
9 Yesil River 51.101215, 71.514357

3.3. Water Quality Standards

All water samples collected during the spring, summer, and autumn seasons were
subjected to analysis for 10 physical and chemical indicators as per the regulations outlined
in the Order of the Minister of Health of the Republic of Kazakhstan dated 24 November
2022, No. KR DSM-138, titled “On approval of hygienic standards of safety indicators for
household and cultural and domestic water use” [59]. The methods utilized for analyzing
the physico-chemical parameters of water reservoirs are detailed in Table 10.

Table 10. List of the main measured indicators of water quality and methods for their determination.

Indicator
Method of

Measurement
Detection Limit Standards and References

Color degree Photometric ±1 degree Interstate standard 31868-2012. Water. Methods for
determining color [60]

Turbidity Photometric ±0.01 mg/dm3
Interstate standard 3351-74. Drinking water. Method

for determination of odor, taste, color, and
turbidity [61]

pH Potentiometric ±0.01 unit
RK ISO standard 4316-2019. Surfactants.

Determination of pH of aqueous solutions.
Potentiometric method [62]

Oxidizability (COD) Titrimetric ±0.1 mg/dm3
State mandatory standard 26449.1-85. Stationary
distillation and desalination plants. Methods for

chemical analysis of salt waters [63]

Ammonium ions Photometric ±0.01 mg/dm3 Interstate standard 33045-2014. Water. Methods for
determining nitrogen-containing substances [64]

Hardness (concentration
of calcium and

magnesium ions)
Titrimetric ±0.01 mg/dm3 Interstate standard 31954-20120. Drinking water.

Methods of hardness determination [65]

Mineralization (dry
residue) Gravimetric ±1 mg/dm3 State mandatory standard 18164-72. Drinking water.

Method for determination of total solids content [66]

Sulfates Titrimetric ±0.1 mg/dm3 Interstate standard 4389-72. Methods for
determination of sulfate content [67]

Total iron Photometric ±0.01 mg/dm3 Interstate standard 4011-72. Drinking water. Methods
for determination of total iron [68]

Carbonates Titrimetric ±1 mg/dm3
State mandatory standard 26449.1-85. Stationary
distillation and desalination plants. Methods for

chemical analysis of salt waters [63]

3.4. Methodology to Extract and Analyze Microplastics from Water and Sediment Samples

To extract and analyze microplastics from water and sediment samples, the following
equipment was used:
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• Microscope: DTX 500 LCD Levenhuk with photo and video registration;
• Analytical electronic scales: AX-200 Shimadzu (measurement accuracy 0.0001 g);
• Stainless steel sieves with mesh sizes: 3, 2, 1, 0.3, 0.175 mm;
• Electric dry-air thermostat: TS-1/80 SPU (maximum deviation of the average temperature

not more than ±1 ◦C, maximum deviation of the temperature at any point ±0.4 ◦C);
• Water bath: “Ekros” model 4310;
• Ultrasonic bath: UZV-4.0 “Sapphire” with a digital thermostat (temperature range

from 15 to 70 ◦C, ultrasound frequency 35 kHz, timer from 1 to 99 min);
• Filters for quantitative analysis: Whatman No.2;
• Laboratory centrifuge: Opn-3.01 “Dastan” centrifuge with rotation speeds of 1000,

1500, and 3000 rpm;
• Set of areometers;
• 5.75 M ZnCl solution.

Based on the analysis of 100 sources [69], and their adaptation to laboratory conditions,
we developed a working protocol for extracting and separating microplastic particles from
organic substances and foreign impurities in both aqueous and solid media. The quality
of the research was ensured by implementing the “negative” control method to prevent
cross-contamination of samples with plastic. The efficiency of microplastic extraction was
evaluated using the “positive” control method [70,71]. Measures were taken, as suggested
by [72,73], to prevent cross-contamination of samples with microplastics. To prevent
contamination from the air, most of the work was conducted in a fume cupboard, and the
analyzed filters were consistently stored in glassware, specifically Petri dishes with a closed
lid [74]. Throughout all experiments, synthetic materials were avoided, and only cotton
lab coats and metal instruments were used [75]. Before each session, all instruments were
washed with distilled water, and surfaces were cleaned with ethyl alcohol, followed by
wiping with distilled water.

A “negative” control was implemented by checking materials (Petri dishes, polyamide
filters, flasks, beakers, bottles, and tables) for the presence of microplastics. For this control,
polyamide filters pre-wrapped in foil and aged in muffle ovens at a temperature of 350 ◦C
were utilized. Additionally, weekly checks of clean filters in labeled Petri dishes with an
open lid were conducted.

Positive controls were implemented to prevent the loss of microplastic particles at
different stages of extraction from the sample [76–78], involving the addition of UV flu-
orescent microplastic particles of various fractions. In the laboratory, filters used for the
filtration of natural waters without visually noticeable organic contamination were dried
either in a desiccator at room temperature or in a desiccator at 35 ◦C, within closed Petri
dishes. Subsequently, these filters were examined under a microscope with a magnification
range of 100–500. For contaminated filters, the particles were washed off the surface with
distilled water into a 250 mL laboratory glass beaker or conical flask, followed by treatment
through saline extraction and peroxide oxidation.

During the extraction and determination of microplastic concentration from sediments,
we followed established procedures:

1. Drying the sample at 30 ◦C for a minimum of 24 h.
2. Weighing the dried sample.
3. Density separation by placing a 100-g portion of the sample in a saturated saline

solution (5.75 M ZnCl solution). The volume of the solution was three times that of
the sample, with an exposure time of 5–8 h and three repetitions [79–83].

4. The resulting supernatant was filtered through a 100–150 mm glass funnel using a filter
for quantitative analysis (Whatman #42). The filters were replaced when clogged.

5. The filter containing retained plastic and organic matter particles was washed from
the saline solution with distilled water.

6. Microplastic particles, along with organic matter from all filters related to the analysis
of one sample, were washed into a glass beaker with distilled water.
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7. The oxidation of organic impurities was carried out with a ratio of hydrogen peroxide
to Fe(II) salt—1:1. The oxidation time was 30 min, adding 25 cm3 of 30% hydrogen
peroxide and 25 cm3 of Fe(II) catalyst solution to a glass beaker with 150 cm3, contain-
ing solids extracted through density separation. The beaker was placed in a water
bath, with the thermostat at 50 ◦C, with periodic stirring for 30 min [84–86].

8. An additional portion of hydrogen peroxide was added to the beaker if undissolved
organic matter was visually observed. The beaker was then covered with aluminum
foil and left for a period of 8–12 h.

The density separation procedure was repeated using separation funnels, followed
by filtration through a filter for quantitative analysis. The resulting filter, containing
particulate matter, was placed in a Petri dish, covered with a lid, and dried at room
temperature for 24 h or in a desiccator at a temperature not exceeding 35 ◦C [87,88].
The dried filters underwent microscopic examination, where each filter was carefully
placed on a slide. The microscope was systematically navigated from edge to edge, and
plastic particles were identified, categorized by type (fibers or non-fibrous materials like
angular and hard fragments, flexible and thin films, or rounded and hard granules), and
noted along with their respective sizes.

Qualitative analysis of microplastic particles larger than 1 mm was conducted through
Fourier-transform infrared spectroscopy (FTIR) analysis. Infrared (IR) spectra were ac-
quired using the Shimadzu IR-Prestige 21 instrument (Japan) within the wavelength range
of 400–4000 cm−1. The analysis was performed on the broken total internal reflection
DuraSampl IR II with single reflection (prism material diamond on ZnSe substrate) from
Smiths (USA). The IR spectra were matched against library databases such as IRs Poly-
mer2, Polymer, and T-Polymer. For particles smaller than 1 mm found on filters after
water filtration, they were considered plastics if they exhibited a shiny surface, bright color,
sharp geometric shapes, and did not break under pressure from metal tweezers [89–91].
Depending on the amount of water filtered through the filter, the concentration of particles
per 1 dm3 was calculated. The content of microplastics in sediments was determined based
on the number of particles per 1 kg of an absolutely dry sample.

Expeditions were conducted for water sampling from surface sources, organized
by seasons: spring (from 19 May 2023 to 31 May 2023), summer (from 4 August 2023 to
11 August 2023), and autumn (from 14 September 2023 to 20 September 2023). The sampling
locations included Kopa Lake, Zerendinskoye Lake, Borovoe Lake, and Yesil River within
Astana city limits. The sampling occurred during the morning hours, specifically from 6:00
to 9:00 a.m., at each location. Water samples were obtained for the analysis of physical and
chemical parameters from 8 sampling points: surface samples were collected by scooping
with a metal bucket, and samples from a depth of 1.5 m were taken using a bathometer.
Each sample, totaling 16 for each site in every season, was collected in 2-L containers.

For the microplastics analysis, water filtration was conducted from the surface and a
depth of 1.5 m using a filtration device with polyamide filters. This process was carried out
at a total of 16 filtration points for each river or lake in every season:

• With a bathometer from a depth of 1.5 m—the total volume of 50 dm3 from each
sampling point;

• From the surface with a metal bucket—volume 100 dm3 from each point.

4. Results and Discussion

4.1. Analysis of MP Content in Water Samples

A total of 64 water samples were collected during the spring, summer, and autumn
periods for the analysis of physical and chemical parameters. Water filtration was carried
out at 64 points in each season. All collected samples were transported to the university
laboratory for further study. When calculating microplastic concentrations, it was consid-
ered that the volume of filtered water from the surface was 100 dm3, and from a depth
of 1.5 m, it was 50 dm3. The results of the physico-chemical analysis of water and the
microplastic content in the studied lakes during spring, summer, and autumn are presented
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in Tables S1–S12 (Supplementary Materials). Table 11 displays the microplastic content
found in sediments, and Figure 6 showcases some examples of fibers discovered in the
water samples.

Table 11. Microplastic content in sediments (particles/kg).

Sediment Type Kopa Lake
Zerendinskoye

Lake
Borovoe Lake Yesil River

Open water bottom
sediments

113.48 76.51 68.62 88.11
48.32 66.16 77.15 76.10

134.45 47.41

Sediments of the
water’s edge zone

118.92 129.23 93.95 103.59
74.39 99.50 76.09 150.38

95.08 83.60

Splash zone deposits
212.52 152.28 84.98 121.10
147.45 105.19 85.33 120.53

147.30 99.09

Beach sediments
184.09 192.46 169.36 179.73
179.96 161.97 189.00

204.42 183.98

Figure 6. Samples of fibers (a,b), fragments (c), and films (d) of microplastic found in natural waters
of Akmola region.

Tables 12–14 show the microplastic content found for the samples taken in Spring,
Summer, and Autumn. Table 15 shows the microplastic concentration found in sediments.
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Table 12. Microplastic content in surface water bodies of Akmola region (spring period).

Water Body Fibers Fragments Films
Concentration
(Particles/dm3)

Average MP
Concentration
(Particles/dm3)

Mean MP
Concentration
(Particles/dm3)

at Surface/Depth 1.5 m

Kopa Lake 120 15 1.0 × 10−2–6.2 × 10−1 1.4 × 10−1 5.5 × 10−2/2.3 × 10−1

Zerendinskoye Lake 151 6 2.0 × 10−2–4.4 × 10−1 1.5 × 10−1 9.9 × 10−2/2.0 × 10−1

Borovoe Lake 111 20 2 1.0 × 10−2–4.8 × 10−1 1.3 × 10−1 5.3 × 10−2/2.3 × 10−1

Yesil River 40 30 0–4.0 × 10−1 7.7 × 10−2 2.5 × 10−2/1.4 × 10−1

Total in spring period 422 71 2 0–6.2 × 10−1 1.2 × 10−1 5.8 × 10−2/2.0 × 10−1

Table 13. Microplastic content in surface water bodies of Akmola region (summer period).

Water Body Fibers Fragments Films
Concentration
(Particles/dm3)

Average MP
Concentration
(Particles/dm3)

Mean MP
Concentration
(Particles/dm3)

at Surface/Depth 1.5 m

Kopa Lake 239 1 11 6.0 × 10−2–4.6 × 10−1 2.4 × 10−1 1.5 × 10−1/3.4 × 10−1

Zerendinskoye Lake 440 35 1.6 × 10−1–1.8 4.5 × 10−1 2.3 × 10−1/6.6 × 10−1

Borovoe Lake 145 8 6.0 × 10−2–2.4 × 10−1 2.7 × 10−1 1.0 × 10−1 /1.7 × 10−1

Yesil River 170 6.0 × 10−2–2.4 × 10−1 1.5 × 10−1 1.3 × 10−1/1.8 × 10−1

Total in summer period 994 1 54 6.0 × 10−2–1.8 4.5 × 10−1 1.5 × 10−1/3.4 × 10−1

Table 14. Microplastic content in surface water bodies of Akmola region (autumn period).

Water Body Fibers Fragments Films
Concentration
(Particles/dm3)

Average MP
Concentration
(Particles/dm3)

Mean MP
Concentration
(Particles/dm3)

at Surface/Depth 1.5 m

Kopa Lake 190 3 2.0 × 10−2–1.22 1.9 × 10−1 5.6 × 10−2/3.3 × 10−1

Zerendinskoye Lake 111 0 3.0 × 10−2–3.2 × 10−1 1.1 × 10−1 5.6 × 10−2/1.6 × 10−1

Borovoe Lake 182 1 5.0 × 10−3–4.8 × 10−1 1.7 × 10−1 6.7 × 10−2/2.8 × 10−1

Yesil River 113 1 1.0 × 10−3–2.0 × 10−1 1.1 × 10−1 4.8 × 10−2/1.7 × 10−1

Total in autumn period 596 5 1.0 × 10−2–1.22 1.5 × 10−1 5.7 × 10−2/2.4 × 10−1

Table 15. Microplastic concentration in sediments (particles/kg).

Sampling Area Kopa Lake Zerendinskoye Lake Borovoe Lake Yesil River

Open water bottom 80.90 92.37 64.39 82.11
Water’s edge zone 96.66 107.94 84.55 126.99

Splash zone 179.99 134.92 89.80 120.82
Beach 182.03 186.28 180.78 179.73

The average microplastic content in the studied samples increases from the spring
to the autumn season: 1.2 × 10−1 particles/dm3 in the spring period, 1.5 × 10−1 in
summer, and 4.5 × 10−1 in the autumn sampling period. Microplastic concentrations
in the lakes’ water showed consistent levels, averaging 2.1 × 10−1 particles per dm3 of
filtered water, surpassing the content in the Yesil River (average for three seasons—1.1
× 10−1 particles/dm3). The observed microplastic content in the natural waters of the
Akmola region aligns with published data in scientific literature, ranging from 1 × 10−3 to
10 particles per dm3 [92].

In the studied water samples, microplastics primarily manifest as fibers, constituting
93.8% of the total number of microplastic particles. Fragments follow at 3.6%, and films
at 2.6%. This distribution aligns with published data, where the prevalence of fibers in
surface waters ranges from 62% to 98%, fragments rank second with proportions of 2–18%,
and films take the third spot with proportions ranging from 0% to 14% [93].

Despite using Whatman No. 42 filters with a pore size of 8 μm in sample processing,
the lower limit for the detected microplastic particles is estimated to be 100 μm, based on
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the mesh size of the polyamide mesh used for water filtration. The optical particle sorting
method used in filter analysis may have led to the underestimation of transparent particles.
Fragment sizes ranged from 250 to 100 μm in the longest dimension, while fiber sizes along
the length varied from 100 to 500 μm. The detected fibers had a diameter significantly
smaller than the mesh size of the polyamide mesh (100 μm), suggesting that only those
fibers caught or entangled in the mesh were detected. Consequently, it is plausible that the
actual fiber content in the studied river and lakes of the Akmola region might be higher
than detected.

4.2. Correlation Dependencies

For most samples, MP content showed a correlation with water turbidity and sampling
depth (surface and 1.5 m depth). The average MP concentration at a depth of 5–20 cm from
the surface was 8.8 × 10−2 particles/dm3, while at a depth of 1.5 m from the surface, it was
2.6 × 10−1 particles/dm3. Despite turbidity, no correlation was found between microplastic
content and other water quality parameters. Similar results were observed for microplastic
content in plankton [94]. However, a noticeable correlation between microplastic content
and turbidity was identified, particularly during the spring period.

Figures 7–9 present the results obtained when comparing microplastic concentration in
water samples with turbidity. Conclusions diverge when analyzing results from water samples
taken at the lake shoreline (sample points one to six in every lake) compared to those observed
for water samples taken at inner waters in the lakes (sample points seven and eight). Figures 7–9
have been plotted using the same scale on the X-axis (Turbidity ranging from 0 to 40 mg/dm3)
and Y-axis (microplastic concentration ranging from 0 to 1.4 particles/dm3) to facilitate easy
comparison and draw conclusions from these comparisons. Results also exhibit a significant
dependence on the season, as explained below.

Figure 7 displays the turbidity–microplastic concentration correlograms for the spring,
summer, and autumn seasons for the three lakes. Figure 7a presents the results for spring
at points one to six, revealing highly significant correlations in all three cases. In each
instance, the linear correlation coefficients R2 exceed 0.71 for Kopa Lake, with some values
surpassing 0.80 (R2 = 0.805 for Zerendinskoye Lake and R2 = 0.87 for Borovoe Lake).

Figure 7b illustrates the values obtained for spring at sampling points within the three lakes
(points 7 and 8). Correlations remain high for Kopa Lake (R2 = 0.63) and Zerendinskoye Lake
(R2 = 0.67), while slightly lower for Borovoe Lake (R2 = 0.46). In all cases, MP concentrations are
below 0.65 particles/dm3, and turbidity values are below 35 mg/dm3.

The graphs illustrating the correlations obtained for the summer season are depicted in
Figure 7c,d. For points located on the lakeshores, the highest values are once again observed
in Kopa Lake (R2 = 0.85). However, in this case, MP concentrations increase significantly,
with values exceeding 1.2 particles/dm3. The values obtained for Zerendinskoye Lake
are very similar to those obtained for the spring season, both in terms of the correlation
coefficient (R2 = 0.74) and turbidity and MP concentration values. In the case of Borovoe
Lake (R2 = 0.73), turbidity values recorded in summer are significantly lower than those
recorded in spring (below 8 mg/dm3), while MP concentration values remain in the same
order as before, albeit slightly lower (below 0.4 particles/dm3).

During the summer season, results for sampling points within the three lakes vary
significantly compared to those observed in the spring season. No significant correlations
have been detected in any of them, turbidity values are below 7.0 mg/dm3, and MP
concentration is very low, below 0.3 particles/dm3, in all three lakes.

The correlations observed in summer, and especially in spring, do not replicate in
the autumn season, as depicted in Figure 7e,f. Figure 7e displays the values obtained for
points one to six in autumn for the three lakes. In none of them is the existence of any
correlation observed (R2 < 0.13), while turbidity values remain very low (below 7 mg/dm3)
with MP concentration values below 0.5 particles/dm3, except for Borovoe Lake, where
concentrations reach around 0.8 mg/dm3.
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Figure 7. Turbidity vs microplastic concentration in waters for the Spring, Summer, and Autumn
seasons. (a) Sampling points 1–6 in Spring; (b) Sampling points 7–8 in Spring; (c) Sampling points
1–6 in Summer; (d) Sampling points 7–8 in Summer; (e) Sampling points 1–6 in Autumn; (f) Sampling
points 7–8 in Autumn.
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Figure 8. Turbidity vs microplastic concentration in waters: (a) Kopa Lake samples 1–6; (b) Kopa
Lake samples 7–8; (c) Zerendinskoye Lake samples 1–6; (d) Zerendinskoye Lake samples 7–8;
(e) Borovoe Lake samples 1–6; and (f) Borovoe Lake samples 7–8.
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Figure 9. Turbidity vs. microplastic concentration in the Yesil River waters.

For the autumn season, values observed within the lakes (points seven and eight)
are very similar to the corresponding values obtained for points located on the shores.
In this case, turbidity values do not exceed 5 mg/dm3 in any of the analyzed cases, and MP
concentration values are below 0.4 particles/dm3 for Kopa Lake and Zerendinskoye Lake,
while for Borovoe Lake, they are slightly higher, exceeding 0.7 particles/dm3. For sampling
points seven and eight, correlation coefficient values exceeding 0.60 have been found for
Zerendinskoye Lake (R2 = 0.63) and Borovoe Lake (R2 = 0.88).

Figure 8 shows the relationship between turbidity and microplastic concentration
in waters for three lakes during the spring, summer, and autumn seasons. Figure 8 has
been generated to observe the temporal evolution of turbidity and MP concentration more
clearly in each lake independently.

Figure 8a,b illustrate the results obtained for Kopa Lake. For sampling points located
on the shores of Kopa Lake, the results depicted in Figure 8a highlight strong correlations
between turbidity and MP concentration in Kopa Lake during the spring (R2 = 0.72)
and summer (R2 = 0.85) seasons. The highest turbidity values were observed in spring,
reaching values close to 35 mg/dm3. The highest MP concentration values in Kopa Lake
were recorded in the summer season, with concentrations exceeding 1.2 particles/dm3.
However, during the autumn season, these correlations disappear, while turbidity and MP
concentration values decrease significantly. During the autumn season, turbidity values in
Kopa Lake are below 7 mg/dm3, and MP concentration does not exceed 0.5 particles/dm3.

Figure 8b displays the results obtained for sampling points within Kopa Lake (points
seven and eight). The high correlations observed for the spring and summer seasons at
points one and six are now only preserved for the spring season (R2 = 0.63), with a drastic
decrease in the correlation coefficient in the summer (R2 = 0.46) and autumn (R2 = 0.30)
seasons. The highest turbidity values are still observed in spring, although they decrease
to approximately 22 mg/dm3. The highest MP concentrations are also observed in spring,
reaching slightly above 0.6 particles/dm3. It is noteworthy that compared to the values
observed at points 1–6 in summer, MP concentrations in summer at the interior sampling
points in Kopa Lake only have values of 0.2 particles/dm3.

The results obtained for Zerendinskoye Lake are presented in Figure 8c,d. For sam-
pling points located on the shores of Zerendinskoye Lake, the results depicted in Figure 8c
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highlight a very strong correlation between turbidity and MP concentration during the
spring (R2 = 0.87). However, the correlation decreases in the summer (R2 = 0.72) and
autumn (R2 = 0.12) seasons. The highest turbidity values were observed in spring, reach-
ing values close to 35 mg/dm3. Surprisingly, the highest MP concentration values in
Zerendinskoye Lake were recorded in the autumn season, with concentrations exceeding
0.8 particles/dm3. However, during the autumn season, turbidity values are lower than
3 mg/dm3, and the correlations found for spring and summer disappear. During the spring
season, turbidity values in Zerendinskoye Lake are the highest (just below 35 mg/dm3),
and observed MP concentrations are just over 0.4 particles/ dm3.

Similarly, the results obtained for Borovoe Lake are shown in Figure 8e,f. As with
Kopa Lake, the highest correlations were obtained for the spring (R2 = 0.81) and sum-
mer (R2 = 0.73) seasons. The maximum turbidity values are very similar in these cases
(35 mg/dm3 for summer and 33 mg/dm3 for spring), and similar MP concentrations are
observed, with maximum values around 0.5 particles/dm3. Similar to what was found
in Kopa Lake and Zerendinskoye Lake, the highest MP concentrations were found in
the summer season, although their values are very similar to those observed in spring.
As mentioned for Kopa Lake and Zerendinskoye Lake, the correlations found during spring
and summer disappear in the autumn season (R2 = 0.07), where turbidity values decrease
drastically to below 3 mg/dm3, and MP concentrations are below 0.25 particles/dm3.

The conclusions already presented for Kopa Lake and Zerendinskoye Lake are valid
for the sampling points located within Borovoe Lake. In this case, the regression coefficient
value in spring for sampling points seven and eight reaches the value R2 = 0.67, a slightly
higher value than that recorded for Kopa Lake (R2 = 0.63) but lower than that recorded for
Zerendinskoye Lake (R2 = 0.87).

Figure 9 displays the results obtained for the Yesil River. A discernible correlation
between turbidity and MP concentration in the Yesil River water has been identified only
during the summer season, with a very low correlation coefficient (R2 = 0.20). The max-
imum values of turbidity are observed in summer (28 mg/dm3). However, the highest
values for MP concentration are found in the spring season (0.4 particles/dm3).

A discernible pattern emerged from the analysis, indicating that samples taken from a
depth of 1.5 m exhibit a higher microplastic content compared to water samples taken and
filtered from the surface of the reservoir at the same point.

4.3. Analysis of MP Content in Sediment Samples

The results of sediment analysis (including bottom sediments, water edge, splash
zone, and beach sediments located perpendicularly to each other) revealed a decrease in
microplastic concentrations from the coastal zone towards the sediments in open waters.
The average concentrations of microplastics were as follows: 79.63 particles/kg in bottom
sediments, 102.47 particles/kg in the water edge zone, and 127.58 particles/kg in the splash
zone. The beach sediment zone exhibited the highest content of microplastics, with an
average of 179.73 particles/kg. In terms of particle shape, microplastic fibers predominated
in sediments (69.6%), followed by fragments (19.1%), with films and granules accounting
for 11.3%.

Published data suggest that predominant particles may include fibers (up to 77%) [95]
and fragments (up to 73%) [96]. However, in most studies, fibers are identified as the
predominant microplastic particles [97]. The size of microplastic fragments and films in
water ranged from 250–100 μm in the largest dimension, while the size of fibers along the
length ranged from 100 to 500 μm, consistent with published data [98]. Particles larger than
500 μm were found in beach sediments, constituting an average of 40.5%.

4.4. Analysis of FTIR Results

The type of microplastic was determined by comparing the IR spectra of the samples
with those in libraries (IRs Polymer2, Polymer, T-Polymer, T-Organic) and by analyzing
absorption bands caused by stretching and bending vibrations of groups characteristic of
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certain types of polymers [99]. Based on the results of FTIR analysis, 95% of the samples
were identified as particles of polymer origin (see Figure 10). The IR spectra of 3% of the
samples were identified as belonging to the natural polymer cellulose, while unidentified
structures accounted for 2% of microplastics (likely due to the degradation of the structures
in the natural environment).

Figure 10. FTIR analysis. Qualitative composition of microplastics.

The total amount of identified microplastics is predominantly comprised of particles
of polypropylene (23.3%), polyethylene (22.2%), polyethylene terephthalate (12.2%), and
polystyrene (11.1%). Synthetic fibers (such as polyacrylic, polyamide, and polyester fibers)
account for 9.5% of all identified microplastic particles. Similar results, indicating the
predominance of microparticles of polypropylene and polyethylene in natural water bodies,
are explained by their resistance to degradation and the challenges posed to decomposition
by microbial biota [100]. Consequently, the inadequate management of plastic waste in
Kazakhstan contributes to the presence of microplastics in all natural water bodies and
their sediments in the Akmola region [19,101].

Based on the identified qualitative composition of microplastics, we can infer that the
primary sources in water bodies and sediments of the Akmola region in Kazakhstan are
likely household plastic waste, particularly disposable tableware made from polypropylene,
polyethylene terephthalate, and polystyrene, along with packaging materials predomi-
nantly composed of polypropylene, which are widely utilized in Kazakhstan [102,103].
Another significant source of microplastics entering natural water bodies could be domestic
wastewater, which carries rinsing water from washing activities, containing synthetic fibers
such as polyacrylic, polyester, and polyamide fibers [44,104]. Additionally, storm drains
from areas such as car repair shops and roadways may contribute to microplastic pollution,
as they can carry rubber waste, including polyurethanes [105].

5. Conclusions

This paper presents, for the first time in Kazakhstan, the results of a comprehensive
sampling campaign assessing microplastic (MP) content in three lakes and one river,
alongside various water quality indicators. The investigation into MP concentrations
revealed distinct seasonal and locational patterns. Strong correlations between turbidity
and MP concentration were observed in Kopa Lake, Zerendinskoye Lake, and Borovoe Lake
during spring and summer, with peak values in these seasons. However, these correlations
diminished in autumn, with consistently higher MP concentrations during summer. In the
Yesil River, a discernible correlation between turbidity and MP concentration emerged only
in summer, with a low correlation coefficient.
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The analysis extended to sediment samples, exploring different zones including bot-
tom sediments, water edge, splash zone, and beach sediments. Results indicated a decreas-
ing trend in microplastic concentrations from the coastal zone towards the sediments in
open waters. The beach sediment zone exhibited the highest MP content, with microplastic
fibers being the predominant particle type. Particle size analysis revealed variations, with
microplastic fragments and films in water ranging from 250–100 μm, while fibers ranged
from 100 to 500 μm. Larger particles exceeding 500 μm were notably found in beach
sediments, constituting an average of 40.5%.

Overall, the findings highlight the complexity of MP distribution, influenced by sea-
sonal variations, river or lake characteristics, and sediment composition, providing valuable
insights for understanding and managing microplastic pollution in aquatic environments.
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Abstract: Environmental pollution caused by microplastics has evolved into a global concern; how-
ever, limited knowledge exists about microplastics in soils due to the absence of standardized
extraction methods. This research aimed to develop an inexpensive, rapid method with user-friendly
and environmentally sustainable outcomes for microplastics retrieval. Three salt solutions (Sodium
Chloride, Magnesium Sulfate, Sodium Hexametaphosphate) and an oil solution (canola oil) un-
derwent evaluation for microplastics extraction through the flotation process due to the density
and oleophilic properties of plastics. Four widely used plastic types, obtained through fragmen-
tation using a grinding mill from clean new plastic containers or membranes, were subjected to
analysis. The experimental procedures for microplastics retrieval varied among the evaluated so-
lutions. Through a comprehensive multicriteria analysis, the saturated Sodium Chloride solution
emerged as the optimal scenario for microplastics extraction, followed closely by the canola oil
scenario. The recovery method utilizing Sodium Chloride demonstrated economic feasibility, safety,
and reliability. This study provides valuable insights into an effective and sustainable approach
for mitigating microplastic pollution in soil, offering a promising avenue for future environmental
conservation efforts.
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1. Introduction

The conceptualization of microplastics (MPs) has undergone significant evolution since
their initial description as microscopic particles in the 20 μm diameter range by Thompson
et al. in 2004 [1]. The latest literature defines MPs as synthetic organic polymers [2]
with an upper size limit of 5 mm as shown in Figure 1 [3–6]. Since 2010, the European
Union (EU) has witnessed a significant rise in total plastics production, reaching nearly
700 million metric tons [7]. Despite remaining a key player in the plastics industry, the
annual production in the EU has seen a decline in recent years. In 2020, production hit its
lowest point since 2009, standing at 55 million metric tons, but showed a modest recovery
in 2021, reaching 57.2 million metric tons. According to Statista [8], this annual global
plastic production decrease in 2020 was attributed to the impact of the health crisis. In
Europe, the decline in production reached 5.1% with the rate of decline in France reaching
11%. The automotive industry, facing disruptions in production, witnessed the highest
plastic consumption decline, with a rate of 18.1% in the EU (28% in France) compared to
the previous year [9,10].
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Figure 1. Comparison of plastic sizes according to the references [4,5,11–15].

Despite the commencement of plastic industrialization in the 1950s [16], research on
the environmental implications of plastic production and usage emerged decades later [17],
initially concentrating on marine plastic deposition [18]. While investigations into plastic
waste in aquatic ecosystems have been prominent, research on terrestrial ecosystems
lags, with studies often focusing on the transport of plastics in surface water flows [19].
Scientific approaches commonly involve measuring plastic litter to infer its life cycle [20].
Some studies emphasize point sources like wastewater treatment plants and the transport
mechanisms of MPs through hydrographic networks and air masses [21,22]. Despite
advancements, research on detecting and analyzing MPs in soil remains limited, even
though a significant 79% of plastic produced from 1950 to 2015 ended up in landfills or was
released into the environment without control.

1.1. Environmental Impacts and Sources of MPs

In the year 2022, with the global population nearing 8 billion people [23], the demand
for annual plastic production surged to 450 million tons, equivalent to the collective weight
of the entire human population on Earth. Projections indicate that by 2050 the quantity of
plastics in the ocean is expected to surpass the population of fish [24]. The escalation in
the prevalence of MPs in the oceans, a concerning global phenomenon, was underscored
by the United Nations in 2017 [25] when a minimum of 51 trillion MP particles present in
marine environments was estimated. The presence of plastic waste in terrestrial and aquatic
environment constitutes a major threat to biodiversity and human existence. According
to Chatziparaskeva et al. [26], 80% of plastic waste ends up in marine environments
after being discarded on land [27]. Geomorphology, surface runoff, and air masses are
the most important reasons for the transport and deposition of plastics in the aquatic
environment [26,28].

The adverse impacts on marine pollution stem from various anthropogenic activities,
including port facilities [29], coastal landfills [30], dumping sites along coastlines, and litter
accumulation from aqua tourism and recreational activities [31], shipping, and fishing
operations [26] (Figure 2). Additionally, the discharge of both treated and untreated
sewage is identified as a significant pathway for MPs entering the sea [32]. In recent
decades, due to the increase in tourism which constitutes a large portion of the global
gross domestic product (GDP) share (9.2% in 2022, while by 2033 it is expected to reach
11.6%) [33], every year the arrivals of tourists around the world exceed one billion, with
the largest percentage of visitors being in the coastal areas of the Mediterranean. Notably,
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the Mediterranean experiences a 40% surge in marine litter during the summer, attributed
to the influx of approximately 200 million tourists annually. In addition, tourism, the
many recreational activities and insufficient recycling have the effect of dumping plastic
in the terrestrial environment and by extension in the sea [26,30]. With an economic
lens, financial impact of MPs accumulation in marine environments is staggering, with
estimates suggesting a cost of 2.5 trillion USD worldwide. Specifically, the Mediterranean
Sea bears a substantial burden, receiving between 150,000 and 500,000 tons of microplastics
and 70,000 to 130,000 tons of MPs annually [34]. This environmental challenge imposes
significant financial consequences on various sectors, including tourism, fisheries, and
maritime activities, with associated costs for businesses in the Mediterranean totaling
around 641 million euros [26,35].

 

Figure 2. Distribution of sources of MPs in the world’s oceans figure created by the authors; data
from [9].

The widespread use of plastic in aquaculture and its destruction by weather conditions,
accidents, and even by marine organisms results in the breakdown of plastic into MPs, their
release, and transport in the marine environment [36,37]. Regarding marine life, MPs are
responsible for 90% of damage to marine wildlife since 700 marine species (17% of which are
endangered) face severe threats due to plastic accumulation in marine environments [26,38].
Since benthic environments constitute primary feeding ecosystems for marine organisms,
the presence of MPs disrupts various feeding mechanism such as phytoplankton, lobsters,
fish, corals, and others [39]. On a surface level, according to Serwandi Dharmadasa et al. [28]
it is predicted that 99% of sea birds and turtles will have ingested plastic by 2050.

While plastic pollution in oceans has garnered significant attention, the presence of
MPs in soil has been a relatively understudied but critical concern. Research indicates
that plastic accumulation on land can be 4–23 times higher than that in the oceans [40,41],
underscoring the substantial impact of plastic waste on terrestrial ecosystems. Despite
these findings, human understanding of soil pollution by MPs is still limited. The global
surge in plastic waste is a growing environmental challenge, with approximately 79% [42]
of this waste accumulating in landfills and other terrestrial compartments, including
agroecosystems [43–46]. This emphasizes the pressing need to investigate and comprehend
the extent of MP pollution in soil, as it plays a crucial role in agricultural and ecological
systems [47].
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1.2. EU Legislation and Initiatives on Plastic Waste

The European Commission (EC) is dedicated to combating MP pollution, as outlined
in both the European Green Deal and the recently introduced Circular Economy Action
Plan [26,48,49]. Within the framework of the Zero Pollution Action Plan, the Commission
has established a goal to achieve a 30% reduction in MP pollution by the year 2030. To
achieve this goal, the European Parliament has undertaken a series of strategic moves with
several key initiatives, to address plastic pollution within the EU.

The Packaging and Packaging Waste Directive (PPWD–Directive 94/62/EC) [50],
adopted in 1994, established measures aimed at promoting sustainable and eco-friendly
packaging solutions, while minimizing the generation of packaging waste and encouraging
the reuse, recycling, and other methods of recovering packaging waste. In 2024, the
Packaging and Packaging Waste Directive will see the implementation of new regulations,
encompassing the introduction of producer responsibility schemes for all packaging. The
directive also sets ambitious recycling targets, mandating the recycling of at least 65% of all
packaging by weight by 2025 and a further increase to 70% by 2030 [51].

The Marine Strategy Framework Directive (MSFD) 2008/56/EC [52] was embedded in
2008, with the aim of preserving clean, healthy, productive, and resilient marine ecosystems,
all the while promoting a more sustainable utilization of marine resources. Additional
measures have been proposed to tackle marine litter and ‘ghost fishing’; proposals include
the involvement of all involved parties to retrieve as much discarded gear as possible,
integrating it into waste and recycling processes. Furthermore, producers of plastic fishing
gear will bear the expenses of waste collection, transportation, treatment, and awareness-
raising efforts. The call was accompanied by a push for increased investment in research
and innovation to develop environmentally friendly fishing gear, thus contributing to
cleaner oceans [53].

Fishermen are bound by the regulations outlined in Council Regulation (EC) No
1224/2009, and within this framework they are required to either retrieve lost fishing gear
or report such losses. Fishermen should actively work to recover any fishing gear that has
been lost. This could include nets, lines, or other equipment used in their fishing operations.
If retrieval is not possible, fishermen are obligated to report the loss of gear. This involves
informing relevant authorities about the incident, providing details such as the location
and circumstances of the loss [54].

The Waste Framework Directive (EU 2018/851) [55] was launched on May 2018, with
the approval of new rules designed to enhance the recycling rate of plastic waste. The
directive included the obligation of Member States to set up separate collection for at
least paper, metal, plastic, and glass waste. This legislative measure aligns with a broader
commitment to circular economy principles, emphasizing the importance of reusing and
recycling materials [26,48,49]. At the same time, single-use plastic products refer to items
made entirely or partially from plastic and are usually designed to be used only once or for
a brief period before being discarded. Recognizing that the 10 most frequently discovered
single-use plastic items on European beaches, along with fishing gear, make up 70% of all
marine litter in the EU, the European Parliament has taken strict actions by supporting the
ban of single-use plastics [56]. The EU Single-Use Plastics Directive (SUPD) [57] has set
specific targets, including achieving a 77% separate collection rate for plastic bottles by 2025
and incorporating 25% recycled plastic in PET beverage bottles from 2025, with a further
increase to 30% in all plastic beverage bottles by 2030. Various measures such as awareness
campaigns, design requirements (like connecting caps to bottles), and labeling regulations
that inform consumers about plastic content and proper disposal, were implemented to
achieve these goals. Additionally, fisheries, representing a substantial 27% of marine litter,
became a specific focus for targeted measures [26,58].

The next step was taken on October 2023 and emphasized preventing plastic pellet
losses to reduce MP pollution. This proposal saw the advocacy of measures to minimize
the release of MPs from diverse sources such as textiles, tires, paints, and even cigarettes,
acknowledging the complex pathways through which these particles enter the environment.
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The overarching goal is to improve the understanding of pellet losses in the supply chain,
focusing on improving accuracy in loss estimates, raise awareness among stakeholders,
and ensure the effective mitigation of impacts on Small and Medium Enterprises (SMEs)
involved in the pellet supply chain [59].

The overarching theme tying these initiatives together is the ongoing integration of
circular economy principles. Emphasized in the European Green Deal [48], the EU Bio-
diversity Strategy [60], and the Farm to Fork strategy [61], there is a concerted effort to
accelerate the development of a circular economy culture across all sectors of the econ-
omy [62]. Strengthening ocean protection is identified as a crucial component of these
overarching strategies. In essence, these initiatives collectively represent a comprehensive
and dynamic approach by the European Parliament to tackle plastic pollution head-on and
foster a sustainable, circular economy within the EU [63].

In 2015, the United Nations (UN) introduced the 17 Sustainable Development Goals
(SDGs), accompanied by a set of targets and indicators [64]. Monitoring the accumulation
of MPs is a crucial step in implementing strategies to mitigate MP pollution. SDG 12, which
focuses on ensuring sustainable consumption and production patterns, plays a pivotal role
in addressing MP pollution. Specifically, Target 12.5 encourages the reduction of plastic
pollution through measures such as prevention, reduction, reuse, and recycling of plastic.
To track the progress in meeting this target, the national rate and quantity of recycling are
taken into account [64,65].

MPs pose a significant threat to marine life and terrestrial ecosystems, as they can be
ingested by marine and terrestrial organisms, leading to various ecological imbalances.
Diminishing the release of MPs alleviates the pressure on aquatic and soil ecosystems,
where these pollutants pose a significant threat. Linking MP accumulation to SDG 14 ‘Life
Below Water’ and SD 15 ‘Life on Land’ highlights the need to protect and restore aquatic
and land ecosystems [65]. Runoff from water sources can transport MPs to soil and water
bodies potentially impacting land-dwelling and aquatic organisms and ecosystems [26].
Sustainable Development Goal 3 (SDG 3) focuses on “Good Health and Well-being” and
aims to ensure healthy lives and promote well-being for all at all ages. The SDG 3 primarily
addresses health-related issues and MP accumulates in the food chain impacting human
health. Therefore, addressing MP pollution requires a holistic approach that considers its
impact on both aquatic and terrestrial environments, as well as its implications for human
well-being [64].

In the pursuit of efficient MP extraction from soils, density separation remains a
popular method, although it has traditionally been applied to water and sediments. Re-
cent advancements have enhanced its applicability to soil matrices [66]. Plastic particles,
interacting with charged ions, allow the utilization of various salt solutions [67]. How-
ever, the choice of solute becomes crucial, with the optimal density range defined at
1.6–1.8 g cm−3 [68]. Among the solutes, saturated Sodium Chloride solution (1.2 g cm−3)
emerges as a safe and environmentally friendly option [68], effectively removing low-
density MP types but proving unsuitable for high-density plastics like polyvinyl chloride
(PVC) and polyethylene terephthalate (PET) [69]. Calcium Chloride (CaCl2) (1.5 g cm−3)
encounters challenges with organic matter agglomeration [69], while Zinc Chloride (ZnCl2),
known for its toxicity and alteration potential, raises health and structural concerns [70].
Sodium Iodide (NaI), although efficient, faces limitations due to its cost [71]. In addition
to conventional density separation, oil separation gains attention by capitalizing on the
oleophilic properties of MPs [66,72]. Studies reveal that the application of oils, such as
castor oil and olive oil, yields higher recovery rates compared to density separation using
only salt solutions [72–74].

The aim of this research is the comparison of four methodologies through multicriteria
analysis. During the research, three salt solutions and an oil solution were examined for the
extraction of MPs through the process of floatation. Specifically, canola oil, Sodium Chloride
(NaCl) solution, Magnesium Sulfate (MgSO4) solution, and Sodium Hexametaphosphate
(Na6[(PO3)6]) solution were evaluated in relation to four types of widely used plastics:
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polyethylene (PE), polystyrene (PS), low density polyethylene (LDPE), and PET in standard
sand soil (ISO standard sand, EN 196-1). The process involves extraction through floatation
and sedimentation, followed by filtration. The authors of this research endeavor to identify
the most effective technique for extracting MPs from soil. The objective is to develop a
method applicable to actual soil samples, such as those from crops or coastal areas, enabling
the detection, quantitative assessment, and qualitative analysis of MPs.

2. Materials and Methods

In the comparison of the four methods, a crucial aspect is the choice of a control sample
that serves as a benchmark for evaluation. The control sample selected for this purpose
is CEN Standard sand, adhering to the ISO standard for EN 196-1. This particular sand
is recognized as a standard natural siliceous sand, and its selection as a control sample is
justified for the following reasons [75]:

• Purity: CEN Standard sand is known for its high purity. Its composition is repre-
sentative of a well-defined natural siliceous sand without additional contaminants,
ensuring that the control sample is free from external influences that could affect
the comparison.

• Isometric Rounded Grains: The sand grains in CEN Standard sand exhibit isometric
rounded shapes. This characteristic contributes to the homogeneity of the control
sample, providing a consistent and well-defined structure for evaluation across differ-
ent methodologies.

• Certification (EN 196-1): CEN Standard sand is certified according to the EN 196-1
standard. This certification establishes a common denominator for the evaluation
of the three methodologies under consideration. It ensures that the control sample
adheres to specific quality and performance standards, enhancing the reliability and
consistency of the comparison. By utilizing CEN Standard sand as the control sample,
the study aims to establish a baseline that facilitates a meaningful and standardized
comparison of the four methods. This approach ensures that any variations observed
in the results can be attributed to the methodologies themselves rather than differences
in the characteristics of the control sample. Table 1 showcases the grading size of CEN
Standard Sand used to compare the four solutions.

Table 1. Grading Size CEN Standard Sand of EN 196-1 [75] ISO 679:2009 [76].

Square Mesh Size (mm) Cumulative Retained (%)

0.08 99 ± 1
0.16 87 ± 5
0.50 67 ± 5
1.00 33 ± 5
1.60 7 ± 5
2.00 0

In this research, four distinct types of polymers, namely PE, PS, LDPE, and PET,
were employed for analysis. The primary polymers were manufactured by the Cypriot
company Lordos United Group. The process of obtaining these polymer samples involved
shredding and utilizing a Kenwood grinding mill, with the source materials being clean
new plastic containers or films. It is noteworthy that the resulting plastic samples were
intentionally limited to sizes less than 5 mm; the size distribution of MPs was determined
by the dry-sieving method [77]. The choice of these specific polymers is significant, as
they represent commonly used plastics with diverse applications across various industries.
Each polymer type is usually associated with a plethora of common applications. PE is
commonly employed for packaging materials [78], plastic bags [79], bottles [80], and plastic
toys [81]. PS has common application in food packaging [81], disposable cutlery [82], and
other uses. LDPE is commonly used for containers [83], dispensing and squeeze bottles [84],
tubing [85], automotive parts [86], molded laboratory equipment [87], etc. Lastly, PET has
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a vast reach of applications, including, but not limited to, bottles [88], food packaging [89],
textile fibers [90], and other uses.

The intentional reduction of the plastic samples to sizes less than 4 mm aligns with
the focus on MPs, which are defined as particles with dimensions typically smaller than
5 mm. This size range is crucial for understanding the behavior and impact of MPs in
various environmental contexts, emphasizing the relevance of the research in addressing
contemporary challenges associated with plastic pollution.

The densities of common polymers, as indicated in Table 2, exhibit a range from
0.9 g/mL to 1.6 g/mL [91]. However, it is important to note that the remaining particles
present in the samples tend to settle out due to their higher density. For instance, typical
densities for quartz sand particles are around 2.65 g/mL [92]. The challenge arises when
dealing with high-density polymers such as PVC and PET, which necessitate the use of
high-density solutions like Sodium Iodide (NaI) and Zinc Chloride (ZnCl2) for effective
separation. While these solutions are suitable for the separation of high-density polymers,
they pose significant concerns regarding safety for both human use and the environment
due to their toxic nature [92–95]. A cutting-edge approach in the field involves harnessing
the oleophilic (oil-attracting) properties of MPs and utilizing oils for density separation,
representing a novel perspective [66,72]. Recent studies highlight that this innovative
method, using oils, can achieve higher recovery rates of MPs compared to traditional
density separation methods employing salt solutions [66,73,74,96]. The research conducted
by Mani et al. [96] in 2019 demonstrated an impressive recovery rate of 99 ± 4% for MPs
using castor oil. This underscores the effectiveness of the oleophilic approach in achieving
high recovery rates. The separation process proposed by Scopetani et al. [73] achieved
substantial recovery rates, ranging from 90% to 97%, for six different types of polymers.
This further validates the efficacy of utilizing oils for MP separation.

Table 2. Density of examine polymers.

Polymer Density (g/cm−3)

PE 0.95~0.97
PS 0.95~1.06

LDPE 0.89~0.93
PET 1.37~1.41

Sodium Chloride with a density of 1.2 g/mL is a solution that has been widely used
by researchers to extract MPs, a method that is an economical and safe solution [69,97–99].
The application of oils to extract MPs is a new method that combines the low density of oil
and the oleophilic properties of plastics. Canola oil with a density of 0.92 g/mL is an oil
that has been used by researchers and shows excellent results [66,73,74,96]. The choice of
the Magnesium Sulfate solution was made due to its high density (1.32 g/mL) and due to
the availability of the salt in the laboratory for conducting the laboratory tests. The choice
of the Sodium Hexametaphosphate Solution was made due to its low density (1.18 g/mL)
and due to the availability of the salt in the laboratory for conducting the laboratory tests.
This salt finds a variety of applications in industry, while in geological research laboratories
it is used to break up grains of silt and clay to classify and evaluate soil [100].

2.1. Spiking and Recovery Test

The experimental MPs recovery process differs between the three salts (Sodium Chlo-
ride, Magnesium Sulfate, Sodium Hexametaphosphate) and the oil (canola oil) and is
analyzed below. It is noted that the experimental procedure was repeated four times per
solvent, once per type of polymer examined.

2.1.1. Solutions of Sodium Chloride, Magnesium Sulfate, Sodium Hexametaphosphate

A sample of CEN Standard Sand with a constant mass of 100 g was placed in a
glass bowl and 5 g of the examined polymer were added as they were obtained from
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their shredding in a grinding mill. The sample was mixed with a metal spatula. The
sample was carefully transferred to a glass volumetric cylinder, then 500 mL of Sodium
Chloride solution was added; the volumetric cylinder was sealed with a suitable stopper
and manually stirred for 30 s (stirring is carried out by 180-degreerotations of the volumetric
cylinder), then the stopper was removed and washed with a few ml of deionized water
(about 5 mL) over the roller to remove any granules and MPs. To ensure the completeness
of the transfer, the volumetric cylinder was weighed both before and after the MPs were
placed, confirming that the entire required mass was transferred. The sample was left
undisturbed for 6 h at a laboratory temperature of 25 ◦C. After 6 h, the elements that floated
were removed by overflow and placed on filter paper to dry (Figure 3). The process was
repeated for the three types of salt solvents and for the four polymers (Figure 4).

 
Figure 3. Steps of the experimental procedure.

 

Figure 4. Execution phase comparison of four solutions on four types of polymers.
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2.1.2. Canola Oil

A sample of CEN Standard Sand of constant mass of 100 g was placed in a glass
bowl and 5 g of the examined polymer were added as they were obtained from their
fragmentation in a grinding mill. The sample was mixed with a metal spatula. The sample
was carefully transferred to a glass volumetric cylinder, then 200 mL of deionized water
and 100 mL of canola oil were added; the volumetric cylinder was sealed with a suitable
stopper and manually stirred for 30 s (stirring is carried out by 180-degree rotations of
the volumetric cylinder), then the stopper was removed and washed with a few ml of
deionized water (about 5 mL) over the cylinder, in order to detach any granules and MPs.
After the end of stirring, another 200 mL of deionized water was added. The sample was
left undisturbed for 6 h at a laboratory temperature of 25 ◦C. At the end of the 6 h, the
elements that floated were removed by overflow, rinsed with deionized water, and placed
on filter paper to dry. The polymers identified per sample were placed in clear plastic
air-tight plastic bags of specific mass and then weighed on a calibrated balance to three
decimal places. The initial amount of plastics added to the sand sample was then compared
to the mass of recovered plastics.

2.2. Protocol Validation

Ensuring the integrity of experimental samples and controls is crucial in research,
especially when dealing with MPs [101]. In our study, several measures were implemented
to prevent possible contamination during sample processing and experimental controls:

1. Use of Glass and Metal Equipment: Glass and metal equipment was exclusively
utilized during sample processing and for experimental controls. These materials are
chosen for their inert nature, minimizing the risk of introducing foreign elements or
contaminants into the samples;

2. Selection of Plastic Grinding Mill: While glass and metal equipment were predom-
inantly used, the grinding mill employed for shredding the polymers was made of
plastic. This decision likely considered the mechanical properties needed for effective
polymer shredding. It is noteworthy that this equipment choice was a conscious
decision and did not compromise the integrity of the experiment;

3. Cleaning and Rinsing Protocols: All equipment used, whether glass, metal, or the
plastic grinding mill, underwent thorough cleaning, rinsing with distilled water, and
subsequent drying in an oven. This meticulous cleaning process aims to eliminate
any residual contaminants that might affect the experimental outcomes;

4. Clothing and Sealing Measures: Cotton clothes were used during experimental tests
to prevent contamination of samples with plastic fibers. This precaution is essential,
as airborne MPs or fibers from clothing could inadvertently contaminate the samples.
Additionally, proper sealing of samples during idle times provided further safeguards
against external influences.

These measures collectively demonstrate a commitment to maintaining the purity
and reliability of the experimental setup. The attention to detail in the choice of materials,
cleaning procedures, and handling protocols contributes to the robustness of the study and
the accuracy of the obtained results [102].

2.3. Multi-Criteria Decision Analysis for MPs Extraction Method

In this phase of the study, a Multi-Criteria Decision Analysis (MCDA) is employed
to evaluate alternative scenarios for selecting the optimal solvent for extracting micro and
nanoplastics from soil samples [103]. This decision-making methodology, which is used in
business research, becomes crucial when dealing with complex decision-making problems
that require a multidimensional approach [104,105]. The complexity and importance of
decision-making problems necessitate a multidimensional analysis rather than one-sided
and one-dimensional approaches. MCDA is employed to prioritize alternative scenarios by
resolving conflicting parameters [106].
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The MCDA involves the calculation of the frequency of occurrence of management
methodologies in the ranking positions during sensitivity analysis. The application of
MCDA in this research aims to provide a reliable and scientifically documented approach
to compare and select the optimal MPs extraction method. By considering multiple criteria
and conducting a multifaceted analysis, the study seeks to derive an optimal solution
that balances technical, economic, and environmental considerations [106–109]. In order
to apply the MCDA and determine the optimal MPs extraction method, the following
approach was initially applied:

• Characteristics of four solvents are collected and evaluated;
• Experimental controls are conducted to evaluate solvents;
• Scenarios are identified, and evaluation criteria per scenario are determined;
• Calculations of the frequency of occurrence of the management methodologies in the

ranking positions during the sensitivity analysis.

Numerous MCDA methods have been developed in recent years to address multi-
dimensional problems with conflicting parameters [106,109–112]. Widely used methods
include ELECTRE II, AHP, PROMETHEE, Gray Relational Analysis, and Regime. These
methods vary in the way criteria are defined, expressed, and applied [107–109,113–115].
The selection of the solvent for MPs extraction is a critical factor in the research due to
the abundance of alternative solvents, each with its own advantages and disadvantages
(technical, economic, environmental, etc.).

2.4. Analytical Hierarchy Process (AHP)

AHP, developed by Saaty [116], is applied in this study to evaluate restoration method-
ologies. AHP structures a problem in a hierarchical way, descending from a goal to criteria,
sub-criteria, and alternatives in successive levels. Firstly, the complexity of the problem is
decomposed into decision elements to make it more comprehensible. AHP in particular
employs a binary comparison of user-selected criteria and prioritizes them using a standard
scaling system. The relative weight of each element is determined through a pairwise
assessment of the proposed criteria, establishing preferences and prioritizing alternative
scenarios based on the assigned weighting factors [117,118].

The weighting factors assigned to each criterion play a crucial role in determining the
overall preference for each scenario. Direct coefficients may be applied for a small number
of criteria, while indirect coefficients involve ranking the criteria in order of importance. The
AHP structure of the evaluation problem is visually represented in Figure 5, showcasing
the interconnected relationships between criteria and sub-criteria. This structured approach
aids in systematically assessing and prioritizing the alternative scenarios. The criteria for
evaluating the alternative scenarios encompass economic, environmental, and technical
aspects, each contributing to the overall effectiveness of the extraction method (Figure 6).

The complexity of polymers and their varying properties across different soils necessi-
tates the development of a versatile and efficient extraction methodology. The application
of an analytical prioritization method aims to identify a cost-effective, rapid, and reliable
technique that is user and environmentally friendly. The alternative scenarios considered
for evaluation are Sodium Chloride solution, Magnesium Sulfate solution, canola oil, and
Sodium Hexametaphosphate solution. Two sustainability pillars, economic and environ-
mental, are selected as primary criteria, with additional consideration given to technical
aspects such as the simplicity of application and user safety. The third pillar, social sustain-
ability, is regarded as of minor importance in this assessment. Additionally, the criterion of
validity is incorporated into the evaluation framework. The criteria are further categorized
as follows:

1. Economic Criteria: Solvent Cost—Assessing the economic feasibility of each scenario,
considering the cost of the solvent involved;

2. Environmental Criteria: Safety—Evaluating the environmental impact and safety
considerations associated with each scenario;
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3. Technical Criteria: Simplicity of Method—Gauging the simplicity and ease of appli-
cation of the extraction method. User Security—Considering the safety aspects for
the individuals involved in the extraction process. Validity—Assessing the scientific
validity and reliability of the extraction results.

 

Figure 5. Diagram of the MCDA process showing the relationships between the performance
scenarios, the criteria, and the weighting coefficients.

Figure 6. Combination of SWOT and AHP analysis.

The scoring of criteria is guided by Table 3, which employs a fundamental scale
developed by Saaty [116] in 1990. This scale allows for a consistent and standardized
assessment of the criteria, contributing to an objective and comprehensive evaluation. In
summary, the methodology employs a MCDA, considering economic, environmental, and
technical factors to prioritize alternative scenarios for MPs extraction. The robustness of
the AHP ensures a systematic and informed decision-making process in the selection of the
optimal extraction method [119].

AHP method was implemented using the online version of Topsis Software https:
//onlineoutput.com/ (accessed 8 March 2024). The analysis was conducted in four succes-
sive stages:

1. Defining Alternative Scenarios: The alternative scenarios were defined based on the
extraction methods under consideration;

2. Defining Criteria: Criteria for evaluation were defined, encompassing economic,
environmental, and technical aspects;
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3. Rating of Criteria and Sub-criteria through Weighting Factors: Weighting factors
were assigned to criteria and sub-criteria to reflect their relative importance in the
decision-making process. The ratings were performed by the user to establish the
hierarchy of preferences;

4. Presentation of Results: The software analyzed the defined alternative scenarios,
criteria, and weighting factors to present the results of the AHP analysis. This stage
was an outcome of the software’s processing of the user-defined inputs.

Table 3. Fundamental scale of Saaty [116].

Value Definition Interpretation

1 Equal Preference Both criteria/scenarios contribute equally to the goal
3 Moderate Strong Preference One criterion/scenario is slightly more important than the other
5 Strong Preference One criterion/scenario is significantly more important than the other
7 Very Strong Preference One criterion/scenario is very important compared to the other
9 Extremely Strong Preference One criterion/scenario is extremely more important than the other

2, 4, 6, 8 Intermediate Preference Values Used to express intermediate preferences

To address the problem at hand, the software was applied with equal grading (weight-
ing) of criteria. This approach aimed to ensure a fair and unbiased evaluation of the alter-
native scenarios. The systematic use of AHP, facilitated by the Topsis Software [120,121],
provided a structured and data-driven approach to prioritize and select the most suitable
MPs extraction method.

3. Results and Discussion

The various methods implemented for the recovery of MPs demonstrated different
levels of recovery accuracy depending on the type of plastic. Knowing the initial mass
of plastics introduced into the solution and the mass recovered allows us to calculate the
recovery rates. The results of the four solvents in relation to the four polymers evaluated
are given in Table 4.

Table 4. Recovery rates of plastic particles by the oil and density separation method using a mixture
of canola oil and three types of salt solutions.

Average Recovery Performance (%)

Type pf Polymer
Sodium Chloride

Solution
Magnesium

Sulfate Solution
Canola Oil

Sodium
Hexametaphosphate

PE 91 94 97 62
PS 98 99 99 98

LDPE 86 87 94 78
PET 42 63 75 12

Most highlighted is the recovery method using canola oil which showed the highest
accuracy rates compared to the three salt solutions. More precisely, the MPs recovery
achieved a rate of 97% in PE, 99% in PS, 94% in LDPE, and 75% in PET. The Magnesium
Sulfate solution demonstrated the same rate of efficiency in recovering PS and achieved
high rates in the other three categories of plastics as well. Therefore, Magnesium Sulfate
yields favorable results, especially for high-density polymers like PET. Contrastingly,
the Sodium Hexametaphosphate solution exhibited relatively low efficiency for PE and
PET, but remarkably achieved a 98% recovery rate for PS. This can be attributed to the
low-density of PS compared to the salt solutions, which causes PS to easily float. The
recovery method using a saturated Sodium Chloride solution is suitable for recovery of
low-density polymers, while for high-density plastics canola oil Oil is a more valid method
(Figures 7 and 8).
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Figure 7. Efficiency of Solution for each type of MP.

 

Figure 8. Efficiency of Solution for each type of MP.

The oleophilic properties of the MPs resulted in ‘trapping’ of the MPs in the oil column
after separation due to agitation [71,72]. Due to its high density, the Magnesium Sulfate
solution shows high turbidity, so the detection and extraction of MPs is particularly difficult
although the results are quite high even in high density polymers (PET). The evaluation
of the results of the experimental procedure and their comparison with previous related
research on the recovery methods with saturated Sodium Chloride solution and canola oil
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provide validation for the efficacy of these two recovery methods. The study aligns with
previous research [71,122] enhancing the credibility and reliability of the recovery methods
applied in this research.

Particularly, Kononov et al. [71] explored the development of a cost-effective and
straightforward technique for extracting MPs from soil by utilizing canola oil and em-
ploying the density separation process with Sodium Chloride. Through their research,
numerous oils were evaluated for the extraction of MPs including canola, castor, olive,
rice, and turpentine oils for the extraction of LDPE, PP, and PVC. Canola, silicone, rice,
and turpentine oils exhibited recoveries of 95% and above; however, turpentine oil was
not recommended for further applications, due to its ability to dissolve weakly structured
plastics. On the other hand, castor oil, even though highly efficient [96], demonstrated a
lower recovery rate along with olive oil and silicon oil. In summary, the research revealed
that the best option for recovery amongst the oils employed was in fact canola oil [71].
The attraction between MPs and canola oil might be linked to the lipophilicity of the hy-
drocarbon chains and the oil molecules [74]. According to Kim et al. [123], the correlation
between the interfacial tension of oil and the oil–water emulsions during agitation is the
minimization of the stability of the oil layer and buoyancy of oil-absorbed MPs due to the
development of the oil–water emulsion.

AHP Results

Based on the scenarios and criteria described for the problem under consideration,
Table 5 was structured. This table describes the performance of each alternative scenario
with respect to the evaluation criteria, a means of determining the degree of preference
of the criteria in obtaining the optimal solution. The scoring of this table was based on
a numerical scale of 1 to 9, whereby the best option is number 9 and the worst option is
number 1. Sensitivity analysis was carried out by varying the weight of these evaluation
criteria and showed that small changes in their scores affect the final decision to determine
the optimal solution.

Table 5. Criteria evaluation ranking using the AHP method.

Criteria

Economic
Cost

Environmental
Safety

Technical

Simplicity Users’ Safety Validity

Sodium Chloride 9 8 8 8 7
Magnesium Sulfate 5 5 8 6 8

Canola Oil 7 4 8 7 9
Sodium

Hexametaphosphate 4 7 8 8 4

The application of AHP through the TOPSIS software showed that based on the
evaluation criteria the Sodium Chloride solvent scenario is presented as the best scenario,
followed by canola oil (Figure 9). The Sodium Chloride recovery method is an economical,
safe, and valid method for MPs recovery [71,97]. Although the MPs recovery method
using oil shows the best results, with the existing laboratory equipment the use of the
Sodium Chloride solution is a more user-friendly method to use. Regarding Sodium
Hexametaphosphate it is deemed impractical due to the increased cost and difficulties in
supplying the solution compared to the other three options and the significant low validity.

On the other hand, canola oil received a low score in environmental performance as the
disposal of the solution requires a specific recycling procedure, which may not be available
in certain areas. The oleophilic properties of MPs contribute to their effective separation
in the oil column after agitation [71]. Post-procedure, cleaning the laboratory equipment
used poses challenges, and oil residues persist on MPs. However, it attains a very high
validity score as the results are highly comparable with those of other researchers [71,74].
Magnesium Sulfate, aside from the high purchase cost, exhibits significant turbidity result-
ing from the solution’s high density, which complicates the detection and extraction of MPs.
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Moreover, the production of Magnesium Sulfate solution demands a substantial amount of
time for the salt to dissolve in the distilled water.

 

Figure 9. Multicriteria Results of the Solutions Effectiveness (CI—Comparative Intext).

Lastly, the AHP analysis assigns the highest score to Sodium Chloride, commonly
known as table salt, also due to its extreme affordability and easy supply. It poses no
significant threats to the environment or the user and the processing is relatively straightfor-
ward [66,73,74,96]. However, the necessity for recycling, reusing, and reclaiming hazardous
waste applies to both costly and environmentally harmful density separation solutions [124].
Various salts have been investigated regarding their recyclability including NaI, NaBr, and
others. The reuse of NaI [125] demonstrates its capability to be recycled up to ten times
through rinsing and evaporation stages, maintaining a cost-effective approach (3.7 EUR/kg)
without chemical contamination or significant loss thus deeming it applicable due to its
environmental friendliness and the potentiality for multiple recycling cycles. At the same
time, NaBr can be successfully recycled five times during the extraction of MPs from soil,
achieving a recovery rate of over 90% [126].

These findings collectively emphasize the promising nature of the oleophilic approach,
providing a valuable alternative to conventional methods. The oleophilic properties of
plastics were initially considered a crucial characteristic for developing an effective method
of separating MPs from soil, deviating from conventional density separation techniques
and offering a hypothetical solution to the challenges posed by the density differences of
plastics [97]. The use of oils not only enhances recovery rates but also introduces a potential
avenue for safer and more environmentally friendly MPs separation techniques. As this
research area continues to evolve, it holds promise for contributing to more sustainable
practices in the field of MPs analysis and remediation [92,95]. The dilemma is to strike a
balance between achieving efficient separation based on polymer densities and ensuring
the safety of the separation methods employed. The toxicity associated with certain high-
density solutions underscores the need for exploring alternative, safer methods or finding
ways to mitigate the environmental impact of the chosen separation techniques. This
is particularly crucial for applications involving MPs, where environmental safety and
minimal ecological impact are paramount considerations [93,94].

4. Conclusions

The application of the AHP and the subsequent analysis through software have yielded
a clear and decisive result in favor of the Sodium Chloride solvent scenario as the optimal
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method for low-density MPs recovery. This conclusion is based on a comprehensive
evaluation of various criteria, including economic viability, safety, and overall validity
of the extraction method. The AHP analysis, considering economic and safety factors
along with technical validity, has positioned the Sodium Chloride solvent scenario as the
most favorable for MPs recovery. The Sodium Chloride recovery method is highlighted as
an economically feasible option, aligning with sustainable practices and contributing to
efficient waste management. The AHP evaluation takes into account the safety aspects of
the recovery method, emphasizing the importance of a solvent that is not only effective but
also safe for users and the environment. The Sodium Chloride scenario is recognized for its
scientific validity in MPs recovery, further reinforcing its status as a reliable and efficient
method. The endorsement of the Sodium Chloride solvent scenario suggests its potential for
practical implementation in MPs extraction from soil samples. The findings contribute to the
development of environmentally friendly practices, aligning with the goals of sustainable
waste management and environmental protection. While the study provides a robust
foundation, ongoing research is encouraged to explore additional solvents and refine
methodologies for continuous improvement in MPs extraction techniques. Communicating
the results to relevant stakeholders, policymakers, and the public is crucial for promoting
the adoption of effective and sustainable MPs recovery practices. In conclusion, the research,
employing the AHP methodology, has successfully identified the Sodium Chloride recovery
method as the optimal scenario for MPs extraction. This outcome not only advances
scientific knowledge in the field but also contributes practical solutions to address the
growing concern of MP pollution in soil environments. Further research is required to
explore the utilization of a broader range of oils and salt solutions with higher density for
MP extraction. The application of distilled water as a solvent for MP cleaning post-filtration
is deemed problematic in the context of oil solvents. Therefore, it is advisable to explore
alternative filtration solutions or adsorbents to facilitate the more seamless and efficient
removal of oils.
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124. Rani, M.; Ducoli, S.; Depero, L.E.; Prica, M.; Tubić, A.; Ademovic, Z.; Morrison, L.; Federici, S. A Complete Guide to Extraction
Methods of Microplastics from Complex Environmental Matrices. Molecules 2023, 28, 5710. [CrossRef] [PubMed]

125. Kedzierski, M.; Le Tilly, V.; César, G.; Sire, O.; Bruzaud, S. Efficient microplastics extraction from sand. A cost effective
methodology based on sodium iodide recycling. Mar. Pollut. Bull. 2017, 115, 120–129. [CrossRef] [PubMed]

126. Liu, M.; Song, Y.; Lu, S.; Qiu, R.; Hu, J.; Li, X.; Bigalke, M.; Shi, H.; He, D. A method for extracting soil microplastics through
circulation of sodium bromide solutions. Sci. Total Environ. 2019, 691, 341–347. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

233



Citation: Zhao, H.; Hong, X.; Chai, J.;

Wan, B.; Zhao, K.; Han, C.; Zhang, W.;

Huan, H. Interaction between

Microplastics and Pathogens in

Subsurface System: What We Know

So Far. Water 2024, 16, 499. https://

doi.org/10.3390/w16030499

Academic Editors: Grigorios

L. Kyriakopoulos, Vassilis

J. Inglezakis, Antonis A. Zorpas and

María Rocío Rodríguez Barroso

Received: 4 January 2024

Revised: 26 January 2024

Accepted: 29 January 2024

Published: 4 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Review

Interaction between Microplastics and Pathogens in Subsurface
System: What We Know So Far

Hongyu Zhao 1,2, Xiaotao Hong 1,2, Juanfen Chai 1,2, Bo Wan 1,2, Kaichao Zhao 1,2, Cuihong Han 1,2,

Wenjing Zhang 1,2,* and Huan Huan 3,*

1 Key Laboratory of Groundwater Resources and Environment (Jilin University), Ministry of Education,
Changchun 130021, China

2 College of New Energy and Environment, Jilin University, Changchun 130021, China
3 Technical Centre for Soil, Agriculture and Rural Ecology and Environment, Ministry of Ecology and

Environment, Beijing 100012, China
* Correspondence: zhangwenjing80@hotmail.com (W.Z.); hhuan0825@163.com (H.H.)

Abstract: Microplastics (MPs) are abundant in soil and the subsurface environment. They can co-
transport with pathogens or act as vectors for pathogens, potentially causing severe ecological harm.
The interaction of MPs with pathogens is an important topic. To describe the origins and features
of MPs in the subsurface environment, we evaluated relevant studies conducted in the laboratory
and field groundwater habitats. We explore the interactions between pathogens and microplastics
from three perspectives including the respective physicochemical properties of microplastics and
pathogens, external environmental factors, and the binding between microplastics and pathogens.
The effects of some interaction mechanisms and environmental factors on their co-transport are
discussed. The key factors affecting their interaction are the particle size, specific surface area, shape
and functional groups of MPs, the zeta potential and auxiliary metabolic genes of pathogens, and
the hydrophobicity of both. Environmental factors indirectly affect MPs and the interaction and
co-transport process of pathogens by changing their surface properties. These findings advance our
knowledge of the ecological behavior of MPs–pathogens and the associated potential health hazards.

Keywords: microplastic–pathogen interactions; environmental factor; co-migration; health risk

1. Introduction

Thompson developed the term “microplastics” (MPs) in 2004 to refer to the tiny
plastics found in the ocean [1]. The concept was then used to describe tiny plastic trash
fragments found in the environment as a result of consumer and industrial waste disposal
and decomposition. Recent studies and government reports put the particle size of MPs
between 5 mm and 1 μm, with nanoplastics having particle sizes less than 1 μm [2–5].
Currently, there are two classification methods for MPs: primary and secondary [6,7].
Primary MPs are plastic fragments or fibers that are less than or equal to 5 mm in size
before entering the environment [8]. These include microfibers from clothes and plastic
fragments from cosmetics and industrial manufacturing [9]. Secondary MPs comprise
a range of plastic fragments with an initial size greater than 5 mm. These MPs can be
reduced in size over time by a variety of biological, physical, and chemical weathering
processes [4,10]. Nanoplastics have been less studied and are generally considered to be
generated during the degradation, manufacturing, and use of plastics [11–13]. There is a
public misconception that MPs in the environment are a single contaminant rather than a
mixture of multiple plastic particles [14,15]. In actuality, the environment contains more
than seven different kinds of MPs (Table 1) [16].
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Table 1. Types of plastic polymers commonly found in the environment.

Type Molecular Structure Classification Brief

Polyethylene terephthalate
(PET)

((C10H8O4)n)

Polyethylene terephthalate, often
abbreviated as PET, is the fourth most
produced polymer in the world and

is commonly used in producing
synthetic fibers, food, and liquid

containers.

High-density polyethylene

((C2H4)n)

HDPE, or high-density polyethylene,
is recognized for its high

strength-to-density ratio and is often
used to produce plastic bottles and

corrosion-resistant products.

Polyvinyl chloride
(PVC)

((C2H3Cl)n)

Polyvinyl chloride, often abbreviated
as PVC, is the third largest synthetic

polymer produced in the world.
Rigid PVC is commonly used in

profile applications such as doors and
windows, while flexible PVC is used
for insulating cables, rainwear, and

inflatable products.

Low-density polyethylene

((C2H4)n)

Low-density polyethylene is one of
the world’s most widely produced

plastics with low tensile strength and
high elasticity. Its most common use

is in plastic bags and films.

Polypropylene(PP)

((C3H6)n)

Polypropylene is a chemically
resistant material and is the second

most produced polymer after
polyethylene. It is used in a wide
range of applications including

medical, packaging, and industrial.

Polystyrene
(PS)

((C8H8)n)

Polystyrene is one of the most
frequently used polymers, with an

annual production capacity of
millions of tons. Its primary

applications include protective
packaging, disposable dinnerware,

and model construction kits.

Nylon  

 

Nylon, also known as polyamide,
was the first synthetic fiber in the

world to have extraordinarily high
abrasion resistance. It works in

several applications including fabrics
and wear-resistant components.

Styrene block copolymers

 

SBCs are a thermoplastic elastomer
family. It has qualities comparable to

natural rubber and offers high
elongation, processability, and

environmental stability, making it an
important raw material for toys,

furniture, medical, and
automotive parts.

Even though there have been recent restrictions on the use of plastic in some countries,
its use in everyday life inevitably poses potential risks to the ecosystem [17,18]. The
government of Brazil has promoted economic growth in the Amazon Basin, leading to a
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dramatic increase in the region’s population. Increasing human activity has accelerated
the industrialization of the Amazon Basin. Although the Amazon Basin covers 4.7 percent
of the world’s land area and has only 0.4 percent of the global population, it is thought to
generate 10 percent of the plastic waste in the world’s oceans [19]. The concentration of
MPs in water bodies in southern India’s coastal regions can reach 19.9 items/L, with the
most common types being polyamide (PA), polypropylene (PP), polyethylene (PE), and
polyvinyl chloride (PVC) [20]. The average abundance of MPs in the Pearl River’s urban
portion and estuary is 19.86 items/L and 8.902 items/L, respectively, with the primary types
being PA and cellophane [21]. MPs have also been found in the sedimentary aquifer of the
Bacchus Swamp in Australia, with an average concentration of 38 ± 8 items/L [22]. PE,
PP, polystyrene (PS), and PVC were the most common. More than 90% of the fish sampled
in the Nandu River carried MPs, with an average concentration of 0.6–5.8 [23]. MPs have
also been discovered in mussels, raptors, and even drinking water [24–26]. According to
Cox et al. [27], the number of MPs consumed per adult every year ranges between 74,000
and 121,000, which is the equivalent of 52 bank cards. The majority of MPs in an organism
collect in the gut. MP accumulation and toxicity in the fish gut have been studied, and it
appears that MP accumulation in the fish gut causes a range of toxic consequences such as
intestinal mucosal damage and inflammation, and may also contribute to the dysbiosis of
gut microbes [28]. Yong et al. [29] evaluated the relevant findings in a mouse model, where
long-term MPs ingestion may result in intestinal liver lesions and other metabolic issues
such as decreased energy metabolism.

Multiple outbreaks of viral and bacterial infections such as H1N1, COVID-19, pul-
monary tuberculosis, and cholera in the past few decades have aroused serious concerns
regarding the movement of dangerous germs. There is evidence that MPs can affect how
harmful germs are transported while acting as carriers [30]. Nevertheless, it is unclear
whether pathogens adsorbing on MPs influence the health of organisms when they con-
sume such MPs. According to research on an e-waste disposal site in Guangdong, MPs
form a new biological niche in the soil environment, and bacteria are well-suited to dwell
on the surface of MPs [31]. More than 20 species were found colonizing the surface of
MPs in a well-urbanized river in Chicago, USA, with average cell densities ranging from
0.037 to 0.063 cells μm−2 [32]. It has been shown that floating microplastic contaminants
can facilitate the spread of pathogens over long distances to pristine locations far from
land-based sources of contamination, potentially mediating the spread of pathogens in the
marine environment, with important implications for wildlife and human health. Studies
have shown that floating microplastic contaminants can facilitate the long-range dispersal
of pathogens to pristine locations far from land-based sources of contamination, potentially
mediating the spread of pathogens in the marine environment, with significant impacts on
wildlife and human health [33]. Harmful microorganisms and gut-associated pathogens
in wastewater colonize the surface of microplastics upon entering the aquatic environ-
ment [34]. Therefore, the ingestion of microplastics may pose a threat to aquatic organisms
not only because of their inherent toxicity, but also because of their potential to act as
vectors for disease transmission. Fabra et al. [35] studied the uptake, accumulation, and
physiological responses of oysters to virgin and E. coli-coated MPs and discovered that
oysters exhibited a greater uptake of E. coli-coated MPs. Although oysters retain less than
0.5% of total MPs and bioaccumulate minimally over short periods, germs on their surfaces
may be transferred along the food chain to higher trophic levels by eating MPs. This could
endanger both the ecosystem and human health. Microplastics can act as collectors of
pathogens and transporters in the trophic chain.

Due to the diversity of MPs and pathogens, it is of great significance to study the
interaction mechanisms between MPs and pathogens in the environment. Several re-
search studies have attempted to investigate the potential interaction mechanisms between
pathogenic microorganisms and MPs in the marine environment. For example, Khalid
et al. [30] analyzed the possibility of marine MPs as vectors of pathogenic microorganisms
and Jiang et al. [36] used high-throughput sequencing to examine the dominating bacterial
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populations on the surface of MPs in the intertidal zone of the Yangtze River estuary in
China. Between 4.8 million and 12.7 million tons of plastic waste are discharged from
land into the oceans each year. In total, 98 percent of primary MPs come from land-based
activities and only 2 percent from marine activities. Soil has become the greatest repository
of MPs, with an abundance of 4–23 times that of the ocean [37]. However, due to the
concealment and complexity of hydrogeological conditions, there are significant differences
in the interaction mechanism between MPs and pathogens in aquifer media compared to
other environmental systems. There has been no extensive research on the processes of
interaction between pathogens and MPs in the subsurface environment.

A total of 212 keywords (filtered by keyword frequency ≥ 5) were screened in the
study of microplastic–pathogen interactions, with the most common keywords being
“microplastics”, “pathogens”, “wastewater”, “biofilm”, “biofilm formation”, “marine-
environment”, and “temperature”, with a total of five clusters, as shown in Figure 1.
The larger clusters are blue, green and red, which represent the various elements of the
microplastics research field. The blue color indicates microplastics research in wastewater;
green indicates microplastic species and pollution studies. Red represents research on
pathogen colonization on microplastic surfaces, etc.

Figure 1. Keyword co-occurrence network visualization was generated by VOSviewer. Each color
represents a topic cluster, where the font size and density (background color) of the keyword indicate
the total link strength (TLS). A greater font indicates greater TLS, and the closer the distance between
keywords, the higher the relevance of these studied topics.

The goals of this review were to (1) Summarize the sources and features of MPs in
groundwater; (2) Discuss the possible interaction mechanisms between MPs and pathogens in
aquifer media; (3) Explore the impact of environmental conditions on interaction mechanisms.

2. Sources and Features of Groundwater Microplastics

The sources of microplastics in the subsurface environment are complex (Figure 2).
Because groundwater receives recharge from atmospheric precipitation, MPs on the soil
surface may enter the soil pore space through leaching and eventually enter the groundwa-
ter system [38]. Soil not only stores the most MPs, but is also a potential pathway for MPs
to enter the groundwater system [39,40]. Understanding the properties of MP distribution
in soil is crucial to conducting an accurate assessment of MPs in groundwater. Trash,
sewage sludge, and plastic film are the main three sources of plastics in global topsoil [16].
In the United States, 24.3 million tons of plastic were dumped in landfills in 2017 [41].
MPs from decomposition enter the soil with landfill leachate and may be harmful to the
groundwater environment. The analytical results of landfill leachate from various places
in China show that PE and PP are the most dominant MPs [7,42,43]. Plastic packaging,
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sludge, and medical supplies are its primary sources [44,45]. The predominant size of
these fragmented or fibrous MPs is 20–80 μm, with larger sizes significantly decreasing
with soil depth [42,46]. Additionally, agricultural films made of PE and PVC as well as
sludge wastewater discharged from sewage disposal plants are the primary sources of
MPs in agricultural soils [47,48]. The analysis of 384 soil samples by Huang et al. [47]
revealed a substantial linear association between the number of MPs in soil and the use of
plastic films. Sewage sludge released from wastewater disposal plants is frequently high
in organic matter and is commonly utilized for agricultural irrigation [49]. However, due
to the limits of wastewater filtering technology, around 1.59% of MPs remain in already
treated wastewater [50]. These MPs include microfibers from clothing, personal skin care
products, and fertilizers. The abundance of MPs in sewage varies greatly depending on
the local population density and lifestyle [51]. In eastern Spain, the abundance of MPs in
agricultural land, which is irrigated by effluent from sewage treatment plants in various
regions, can vary by more than threefold. Atmospheric deposition is the main source of
MPs in natural terrestrial environments such as forests [52,53].

Figure 2. Sources and entry pathways of microplastics in groundwater.

Another significant source for recharging groundwater is river water. Isotopic evidence
suggests that riverbank groundwater is recharged by rivers [54,55]. Past studies have
confirmed that rivers are not only sinks that trap microplastics, but also media for the
transport of microplastics from terrestrial to aquatic environments [56]. Microplastics in
rivers can enter the groundwater environment through the lateral recharge of rivers to
groundwater. Therefore, it is critical to comprehend the sources and distribution of MPs
in rivers. Studies of MPs in rivers have shown that the type and concentration of MPs are
closely related to population density and land use type [21,56–59]. Generally speaking, the
river reaches in agriculturally developed areas have more MPs in the form of films, with the
highest percentage of PE [59]. This is due to the widespread usage of plastic mulch films
made from PE in agricultural farming. The highest abundance of MPs was found in urban
rivers. This can be explained by the greater MP discharge rates per capita and population
density [58]. More than 80% of these MPs are less than 0.5 mm in diameter, with the most
common form being fibers with fragments [21,57,59]. Nylon fibers (polyamide, PA) from
clothing and plastic particles (polyethylene, PP) from cosmetics are commonly found in
waterways via sewage drainage systems [8,9]. Furthermore, plastic dust (styrene block
copolymers, SBCs) from tire wear can be carried to water bodies by rainfall and runoff [60].
The abundance of MPs is expected to be higher in the downstream section of the river
due to the transportation of MPs by the river [61]. However, studies by Yan et al. [21] and
He et al. [56] yielded different results. It is not possible to move all MPs from upstream to
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downstream. Changes in hydrodynamic circumstances, where some MPs are deposited on
the river bottom, may reduce MP accumulation in estuaries [62]. Furthermore, industrial
MPs such as PET are common in the downstream area, which is related to industrial
wastewater discharges in the area [39].

3. Interactions between Pathogens and Microplastics

Micro- and nanoplastics can be used as carriers to carry pathogens for long-distance
migration [53,63], and Fabra et al. [35] defined this adsorption–desorption behavior in terms
of a “Trojan horse”. Thus, the ability of MPs to carry pathogens for migration in porous
surfaces is primarily determined by the strength of their pathogen adsorption capability.
Furthermore, MPs may cause the long distance transmission of pathogenic microorganisms
in aquifers by impeding their contact with the porous media or by competing for deposition
sites of pathogenic microorganisms [5].

Most of the time, electrostatic repulsion occurs between pathogens and MPs because
they both have net negatively charged surfaces. However, the repulsion is overcome due to
the complexity of pathogen flagella, proteins, and surface charges, and the hydrophobicity
of the cell surface [64]. A large number of studies have shown that microplastics are a vector
that can be colonized by various algae and microorganisms. Laboratory investigations have
shown that as the soil depth increases, the variety of bacteria on the surface of MPs dimin-
ishes [65]. The pathogen characteristics also influence their co-transport mechanisms with
MPs. In this section, we will address the mechanism of interaction between microplastics
and pathogens in aquifer media from their perspectives, respectively.

3.1. Effects from the Physical Properties of Microplastics

A large specific surface area and small particle size are key factors in the adsorption
and transport of MPs in aquifer media. Li et al. [59] found that the adsorption capacity of
Legionella at 50 μm MPs was 1–2 orders of magnitude higher than that at 3000 μm MPs.
The increase in bacterial adsorption on MPs with decreasing particle size can be explained
by a greater specific surface area. Therefore, for MPs to be able to travel vertically in the soil,
a particle size smaller than the soil pore space is necessary [66]. Liu et al. [65] discovered
that 0.5 mm MPs recovered in soil were less than 1 mm. However, adsorption is no longer
the primary interaction mechanism when the particle size of MPs is comparable to that of
pathogens. When the particle size of MPs is sufficiently tiny, MPs will compete with E. coli
for adsorption sites in the soil, reducing E. coli adsorption in the soil and facilitating the
transfer of E. coli in the aquifer medium through electrostatic repulsion [5].

Similarly, microplastic species is one of the key factors influencing the relationship
between microplastic–pathogen interactions. Fibers were shown to be the most common
type of MPs in different places in China, accounting for 86.37%, 59.4%, and 49% of marine,
river, and soil MPs, respectively [67–69]. Microfibers have a higher potential for interaction
with pathogens than other types of MPs. When compared to microspheres, microfibers
had a better ability to adsorb pathogens on their surface [33]. The primary explanation
was that increased surface roughness and heterogeneity promoted the microfibers’ ability
to attach to pathogens. Some earlier studies [70,71] suggested that nanoscale roughness
on colloidal surfaces tends to minimize the repulsive interaction energy barriers between
colloids and enhances the aggregation of MPs with bacteria, even in adverse conditions.
However, the scanning electron microscopy (SEM) and atomic force microscopy (AFM) of
various polymers [72] revealed that PVC had stronger cell adhesion than PP, even though
the surface roughness of PVC (13.78 ± 0.65 nm) was somewhat lower than that of PP
(14.07 ± 1 nm). Therefore, surface roughness is not a significant element affecting pathogen
adsorption. One study reported the same conclusion that surface roughness did little to
affect the adsorption of S. sanguinis on titanium surfaces [73]. Cohen and Radian [74] first
described the alterations that microfibers undergo when migrating across aquifer media. As
a result of friction with the coarse soil particles, microfibers break apart and release smaller,
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more mobile pieces during flow, which may enable pathogens adsorbed on surfaces to
move farther, increasing the environmental and ecological health risks.

Different shapes of microplastics have also been detected in organisms [75]. However,
the comparison of bioaccumulation and the toxicity of microplastics with different shapes
is still largely unknown. It has been shown that shape-dependent effects should not be
ignored when conducting health risk assessments of microplastics. In comparison, non-
spherical microplastics had more severe effects on the gut microbiota. Some specific species
of gut bacteria are very sensitive to microplastic exposure. For example, microplastics
induced a significant increase in the abundance of Proteobacteria. Microbial diversity studies
continue to demonstrate the important role of Proteobacteria in gut inflammation. The
increased Proteobacteria may produce more bacterial products such as lipopolysaccharide
(LPS), which trigger inflammation, disrupt the intestinal mucosal barrier, and increase in-
testinal permeability. Microplastic fibers also reduce the relative abundance of Pseudomonas
and Aeromonas, which can secrete signals to promote the proliferation and renewal of
intestinal epithelial cells [76], compared to microplastic beads and microplastic debris [77].
Decreases in Pseudomonas and Aeromonas may further inhibit the regeneration of intestinal
epithelial cells and reduce the coverage of cup cells [78]. In addition, fibrous microplastics
lead to a decrease in the abundance of actinobacteria, which may weaken the function of the
intestinal barrier and increase its susceptibility to immune stimulation, as actinobacteria play
a key role in the synthesis of secondary metabolites that can be used as invasive antibiotics
for invasive pathogens. In addition, Gordonia abundance was significantly increased in
the gut of fish treated with microplastic fibers. Gordonia has a strong ability to degrade
plastic-related compounds such as plasticizers [79], polypropylene [80], and phthalates [81].
These findings suggest that a high accumulation of microplastic fibers in the gut leads to
specific changes in the gut microbiota associated with plastic exposure, and that gut flora
dysbiosis would be a potential new mechanism by which microplastics cause or exacerbate
gut toxicity in fish [28].

3.2. Effects from Chemical Characteristics of Microplastics

In addition to their physical characteristics, the chemical properties of MPs such as
hydrophobicity and surface functional groups influence their adsorption behavior toward
pathogens. Microplastics, as exogenous particles with a hydrophobic surface, are highly
likely to provide new substrates for heterotrophic microbial activities, making their surface
microbial communities significantly different from those of the surrounding environment
and other organic residues [82]. As a result, a richer bacterial community exists on the
surface of hydrophobic MPs compared to hydrophilic MPs [83,84]. Thanks to the hy-
drophobicity of MPs, the interaction affinity of SARS-CoV-2 with MPs in water is more than
10 times higher than that in air [85]. The impact of MP surface functional groups on the
adsorption of pathogens is mostly observed in viruses. Liu et al. [86] found that compared
to MP-NH2 (average zeta potential before adsorption −7.85 mV, virus adsorption rate
51.4 ± 12.5%) and MP with no groups (average zeta potential before adsorption −16.06 mV,
virus adsorption rate 83.6 ± 0.8%), MP-COOH (average zeta potential before adsorption
−23.72 mV, virus adsorption rate 94.3 ± 0.8%) could adsorb more viruses. The absolute
zeta potential values of MPs were favorably linked with the viral adsorption rate under
various functional group alteration settings. As a result, while studying the interaction
process between pathogenic microbes and MPs, hydrophobicity and surface functional
groups must be considered.

3.3. Effects from Characteristics of Pathogens
3.3.1. Hydrophobicity

Hydrophobic interactions occur due to the mutual repulsion of hydrophobic nonpolar
groups with water, and this action draws the hydrophobic groups closer together. There-
fore, hydrophobicity is crucial in the early adsorption of germs to hydrophobic surfaces.
The non-specific adsorption of germs on abiotic surfaces is favored by strong hydrophobic-
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ity [87], while hydrophilic viruses and bacteria exhibit greater migratory potential in aquifer
media [88,89]. In a study of the colonization of microplastic surfaces by different bacteria
in the presence of Tween-80, it was found that highly hydrophobic strains colonized the
microplastic surfaces with significantly higher biomass [90]. When there are enough carbon
sources in the environment, bacteria with high cell surface hydrophobicity are better able
to colonize. Interfacial tension may also be used to describe how hydrophobicity affects the
growth of biofilms on MP surfaces. The decrease in interfacial tension is directly related to
the hydrophobicity of bacterial cells [64]. During growth, some bacteria create surfactants,
which might result in the replacement of certain proteins, lowering the surface tension and
changing viscous moduli [91–93]. Therefore, bacterial adsorption is made easier by the
development of protein networks with lower surface tension, particularly on the surfaces
of MPs with low interfacial tension.

3.3.2. Surface Charge

In the DLVO theory, the positive and negative valves of the interaction energy (Eint)
respectively indicate intermolecular interactions of mutual repulsion or attraction [94].
The Eint values of MPs containing SARS-CoV-2 RNA fragments were negative across the
whole temperature range of water, which means that the two may assemble into a stable
complex [85]. Further research revealed that the Eint values derived from the electrostatic
energy between the two are often more similar to the Eint values derived from the total
energy/potential energy than those derived from the van der Waals energy. This suggests
that the primary mode of interaction between MPs and viruses is electrostatic contact.
Electrostatic interaction is the primary adsorption method used by PS-MPs to capture
98.6% of the viral dose [86]. Experimental research by Dika et al. [95] demonstrated the
role of electrostatic interactions in viral adsorption. The fact that viruses are normally
negatively charged means that the electrostatic interaction force between viruses and
positively charged MPs must grow in proportion to the overall negative charge carried
by phages. When MPs have a negative charge, the higher the phage bulk charge density,
the stronger the electrostatic repulsion and the lower the phage adsorption capability.
Unlike the definition of relevant parameters about viruses, bacteria typically use the zeta
potential or isoelectric point to assess the electrostatic interactions with non-biological
surfaces. Positively charged MPs and negatively charged bacteria typically associate to
create heterogeneous aggregates (with negative total zeta potential), which facilitates the
movement of MPs across aquifer media [71]. However, when both bacteria and MPs are
negatively charged, the zeta potentials of the different types of plastics are comparable,
and electrostatic interaction is of little importance in the adhesion of bacteria to plastic
surfaces [72].

3.3.3. Specific Properties

Pathogen adsorption levels on the surface of MPs varied substantially due to changes
in the pathogen properties. Proteobacteria and Actinobacteria made up the majority of the
bacterial communities that predominated on the surface of MPs in soil, together comprising
more than 65% of the community [65]. On the one hand, both exhibited the highest relative
abundance in the agricultural soil bacterial community, which favors their adsorption
on plastics [96]. On the other hand, certain bacteria from these two phyla have unique
genes for auxiliary metabolism that enable them to use additives and polymer resins as
carbon sources and energy to promote their development [97,98]. I. sakaiensis may release
two enzymes that break down PET and PET degradation pathways, respectively [99].
P. aeruginosa and Achromobacter sp. can be involved in the degradation of PVC in the
presence of epoxidized Mesua ferrea L. seed oil [100]. Enterobacter sp., Bacillus sp., and
Pseudomonas sp. are considered to be involved in the degradation of PS [101,102]. In
addition, surface-associated proteins of Streptomycetaceae can reduce the surface tension to
very small levels within minutes, which facilitates their adhesion to various surfaces [103].
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Phage presence in biofilms is determined by the makeup of the biofilm matrix [104].
Consequently, phage diversity is strongly influenced by the variety of bacterial populations.
Biofilms are known to be selective for phage enrichment, with Caudovirales being the most
prevalent [98]. In addition, phages such as Podoviridae and Autographiviridae were more
likely to be abundant in MP biofilms compared to stone. Podoviridae and Autographiviridae
have a limited host range including Enterobacteriaceae, Pseudomonas, Bacillus, and Streptococ-
cus, which include the majority of MP-degrading bacteria. Furthermore, the pathogenicity
surface charge distribution may be heterogeneous. For example, the phage tail structure is
positively charged, but the entire phage is negatively charged [105]. This heterogeneous
surface charge can have a substantial impact on how it interacts with MPs.

We plotted all the factors that could affect the interaction between microplastics
and pathogens in Figure 3. In addition to the nature of the pathogens and microplastics
themselves, external environmental factors are also important in influencing the interaction
between them.

Figure 3. Mechanisms of interaction between MPs and pathogens in the subsurface environment.

4. Effects of Environmental Factors on the Interactions between Microplastics
and Pathogens

4.1. Soil Physicochemical Properties

Soil physicochemical parameters have a significant impact on the structure and va-
riety of the bacterial community, which in turn impacts the adsorption of pathogens by
MPs [106–108]. Chai et al. [31] discovered a high percentage of common species on mul-
tiple MPs from the same plot of soil, showing that different MPs had highly similar core
microbiota. Furthermore, when the physicochemical characteristics of soils from various
plots were varied, the organization of bacterial communities populating the surface of
the same MPs differed significantly. For example, heavy metal ions such as Cu, Pb, and
Zn are found in high quantities in the soil of e-waste disposal sites, as are polymers such
as PP and PC, which are commonly used in electronic devices [109]. Through surface
complexation, electrostatic interactions, and hydrogen bonds, MPs adsorb heavy metals
and serve as carriers for transfer in aquifer media [110–112]. Likewise, several heavy metals
are utilized as additives in the manufacture of plastics [113]. Correspondingly, Anaero-
bicbacteria, represented by Desulfovibrio, made up the majority of the bacterial community
composition on the surface of MPs in the target soil. This is because Desulfovibrio may thrive
in severe oligotrophic settings and precipitate certain heavy metals via hydrogen sulfide
synthesis [114]. Long-term MP persistence in the soil will alter the soil physicochemical
features including a drop in soil organic matter and total nitrogen [115]. This would reduce
the number of actinomycetes adsorbed on soil particles and the surface of MPs while
increasing the prevalence of Proteus, Bacillus, and Sphingomonas [31,65]. Sphingomonas are
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more suited to the surface environment of MPs and have a higher adsorption capability
than actinomycetes [116]. Therefore, the physicochemical characteristics of the soil can either
increase or decrease the MP adsorption capability for certain diseases.

4.2. Weathering

On the one hand, weathering has a direct impact on MP adsorption by chang-
ing their surface characteristics through physical fragmentation and photo-oxidation.
Yuan et al. [117] demonstrated that the adsorption capability of aged MPs for E. coli, plas-
mid, and phage harboring antibiotic resistance genes was 6.6, 5.2, and 8.3 times greater than
that of virgin MPs. Plastic aging is often characterized by polymer chain breaking and the
formation of surface cracks and pores, which eventually fragment into micro- and nanopar-
ticles. This means that weathered MPs have a larger specific surface area, microporous area,
surface roughness, and attraction for antibiotic resistance gene (ARG) vectors. Long-term
UV irradiation initiates the photolytic destruction of plastics, resulting in many micro-
scopic pieces that serve as colonization sites for certain functional bacteria [90]. However,
Lu et al. [86] showed that prolonged UV irradiation significantly decreased the absolute
zeta potential of carboxyl group-modified MPs, which reduced their virus adsorption
capacity, but increased the absolute zeta potential of amino group-modified MPs, which
facilitated their virus adsorption capacity. On the other hand, weathering can have an
indirect effect on the adsorption ability of MPs for pathogens. Aged PP-MPs can absorb
more antibiotics because of a more developed pore structure [118,119]. This will encourage
pathogens with ARG to bind to the surface of MPs. Weathering therefore directly influences
the surface characteristics of MPs, which subsequently directly or indirectly affects the
pathogen adsorption behavior.

4.3. Biofilm

Biofilms, a community of microorganisms accumulated in the matrix of self-developed
extracellular polymeric substances (EPS), are present ubiquitously in both natural aquatic
environments and engineering systems. Some studies have shown that the biofilms cling-
ing to sand surfaces enhance the surface roughness of aquifer media and reduce flow
channels, which can impede pathogen–MP co-transport [120]. Low crystallinity and high
hardness matrix surfaces typically exhibit higher pathogenic microbial diversity [121].
However, McGivney et al. [122] discovered that biofilm-mediated weathering increases
the crystallinity of PE and decreases the hardness of PP. This may lead to the selective
adsorption of microorganisms by MPs and impact the diversity of adsorbed pathogens.
However, it has also been demonstrated that the surface hydrophobicity and crystallinity
of MPs are reduced by biofilm adherence [65]. Compared to the uncertainty of bacterial
adsorption by biofilm-coated MPs, biofilms play a positive role in virus adsorption by MPs.
Some viruses can interact with and bind to lipopolysaccharides (LPS) and peptidoglycans
(PG) in biofilms [123]. This may provide novel locations for virus adsorption while also
improving virus stability and transmission [124]. Biofilms can be crucial in the adsorption
of MPs since they have colonized the majority of the surfaces of MPs in the water bodies.

In addition to microorganisms that can colonize the surface of microplastics, nano-
materials (NMs) can also be adsorbed onto the surface of microplastics. In 2013, Fries
et al. classified MPs from sediment samples collected from Norderney and found TiO2
nanoparticles on their surfaces, confirming that MPs can act as carriers of NMs [125,126].
Existing studies have reported that the oral administration of Ag nanoparticles decreases
the Firmicutes/Bacteroidetes values and microbial community density in the gut of mice [127].
In addition, Sprague-Dawley rats orally exposed to Ag nanoparticles showed an increase
in the proportion of Gram-negative bacteria and a decrease in the abundance of Firmicutes
and Lactobacillus [128]. Zhao et al. found that TiO2 nanoparticles further interfered with the
diversity, composition, and KEGG pathways of the gut microbiota and led to inflammatory
damage in the colon of mice with metabolic syndrome.
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Antibiotics are widely used in the pharmaceutical aquaculture industry, and the
overuse of antibiotics has led to antibiotics entering the water column. Despite the low
concentration of antibiotics in this fraction, they can promote the development of antibiotic
resistance in natural bacteria [129]. Natural bacteria may then transfer resistance to other
bacteria including human pathogens [130]. At the same time, antibiotics selectively adsorb
onto aged microplastics, favoring opportunistic pathogen colonization.

4.4. Ionic Strength

Ionic strength changes the surface charge of MPs and pathogens, influencing their
interaction mechanism and movement pathway. He et al. [5] evaluated the migration of
E. coli with MPs in aquifer media under various circumstances and discovered that MPs
impact pathogen migration via diverse pathways at different ionic strengths. Because of
the great mobility of E. coli and the poor deposition rates of MPs at low ionic strengths,
the presence of MPs (<2 μm) had no influence on E. coli movement in aquifer media. Ionic
strength changes impact the charge balance of colloids, influencing their stability. This may
cause MPs to aggregate and depose, affecting their migration behavior in groundwater.
The zeta potential of MPs and bacterial surfaces drops dramatically when the solution ionic
strength increases, which is due to a large number of ions in the solution compressing the
electrical double layer of the colloidal particles [131]. As a result, MPs and pathogens are
more likely to overcome energy barriers and adsorb onto the media [132,133]. However,
He et al. [5] demonstrated that MPs continue to facilitate E. coli transport at high ionic
strengths. In a similar manner to E. coli, MPs with a size smaller than 2 μm exhibit increased
deposition rates with higher ionic strength. This leads to competition between MPs and
bacteria for deposition sites, ultimately resulting in a decrease in bacterial deposition in
high ionic strength solutions. In contrast, nanoplastics maintain high mobility under high
ionic strength. The suspended nanoplastics reduce the potential for E. coli attachment
through repulsive effects, eventually increasing bacterial transportation in aquifer media.

4.5. pH

pH determines the fate and transport of pathogens and MPs in the subsurface envi-
ronment by altering surface charge and adsorption–desorption processes. The transport
of MPs in aquifer media is significantly affected by pH [132]. Slightly alkaline solutions
facilitate the transport of MPs in aquifer media. At higher pH, MPs tend to carry more
negative charges along with the aquifer media particles. As a result, MP colloids find
it challenging to hit and adhere to the media surface because of the higher electrostatic
repulsion and potential energy barrier between the two. In addition, the hydrodynamic
size of the MPs shrinks with increasing pH, which aggravates Brown motion. Pathogens
exhibit similar migration patterns. Decreasing pH increases the pathogen attachment to
aquifer media and colloids, resulting in increased pathogen retention in the subsurface
environment [82]. It is worth noting that pathogens can group due to weak electrostatic
interaction and deposit in aquifer media when the pH of the solution is near the isoelectric
point of the pathogens [134]. Therefore, when the solution pH is slightly acidic, the electro-
static repulsion between MPs and pathogens is minimized, and the adsorption capacity of
MPs on pathogens is enhanced. A larger pH range may result in different surface charges
for pathogens and MPs, thereby affecting their form of interaction. In contrast, if the pH
range in the subsurface environment is modest, the changes in surface charges for both
may be meaningless, and pH may not be the primary factor influencing their interaction.

4.6. Temperature

Temperature affects the interaction of MPs with pathogens mainly by altering the
physicochemical characteristics, physiological properties, and adsorption thermodynamics.
Many researchers have found that temperature affects the pathogen adhesion to solid
surfaces and migration behavior in the subsurface environment [135,136]. Based on the
results of rank correlation analysis [137], temperature is a major factor determining the
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colonization of MPs by dominant pathogens. There are studies that illustrate the temporal
and successional dynamics of biofilms and clearly show that an increase in temperature
plays a role in the formation of plastic-specific microbial communities [138]. Cappello
and Guglielmino [139] investigated P. aeruginosa adherence to polystyrene at 15 ◦C, 30 ◦C,
and 47 ◦C and discovered that bacterial adhesion increased with temperature rise. The
surrounding temperature affects the bacterial surface charge, hydrophobicity, and outer
membrane components (e.g., lipopolysaccharides and flagella), which explains the variance
in pathogen adhesion to MP surfaces [140,141]. Higher temperatures often boost pathogen
attachment and limit their ability to move in groundwater [82]. Nevertheless, MP migratory
behavior increases the uncertainty of the mentioned processes. According to the releasing
behavior of various plastics in aqueous settings, higher temperatures stimulate plastic
breaking, which in turn promotes MP migration [142,143]. Therefore, the co-transport
behavior of MPs and pathogens in groundwater has to be researched further.

The influence of environmental factors on the interaction and synergistic transport
between MPs and pathogens is extremely complex. Weathering processes such as physical
fragmentation, photo-oxidation, and UV irradiation affect interactions due to changes
in the morphological structure and surface characteristics of MPs. Ionic strength, pH,
and temperature alter the surface charge of MPs and pathogens, thereby affecting their
adsorption and transport capacities. Soil physicochemical characteristics and biofilms alter
the composition of pathogen communities (Figure 4).

Figure 4. The effects of environmental factors on the interaction and co-migration between MPs and
organic compounds.

5. Effects of Combined Exposure to MPs and Pathogens on Organisms

Microbial colonization boosts MP absorption by marine species. Filter feeders con-
sume colonized MPs 10 times more than virgin MPs, and sea urchins exhibit a similar
tendency [35,144]. These marine invertebrates seek for and absorb particulate matter
through chemical sensing, and they prefer aged MPs over virgin particles [145]. Biofilm
colonization may have changed the characteristics of MPs, making them more appealing.
Environmental MPs may increase pathogen virulence. Disposable plastic tubes have been
shown to promote significant expression of the central virulence-associated protein (VapA)
of Rhodococcus equi at lower temperatures than standard glass tubes [146]. The surface
nature of the plastic can help it activate transcriptional control of VirR and VirS proteins,
thereby boosting the mRNA levels of VapA by 70-fold. The combined activity of MPs and
their adsorbed pathogens may affect the organism’s immune system. Sea urchins exposed
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to colonized MPs had a substantial decrease in coelomocytes but an increase in vibratile
cells and red/white amoebocyte ratio [144]. In addition, the exposed individuals’ digestive
systems were shown to have increased levels of total antioxidant activity and catalase. It
has been reported that colonized MPs have a greater toxic effect on mussels than single MPs.
V. parahaemolyticus-attached MPs affect hemocyte function in mussels, causing apoptosis
and inhibiting antioxidant enzyme activity in the gills [147]. The combined impacts of
pathogens and MPs may harm not just animals but even humans. In cancer patients with
indwelling central venous catheters, Rhodococcus equi produces biofilms on the surface of
the catheters made of polyurethane, which can cause bacteremia [148]. Although marine
species have an exceptional ability to consume MPs, MPs may not be transferred up the
food chain to higher levels after ingestion and excretion. Furthermore, it should be further
researched to determine the risks that MPs or colonized MPs have to human health.

6. Conclusions

The damage that MPs cause to the environment has started to draw attention since
the idea of them was first proposed. People have also started to pay attention to the
transmission of microbes, particularly pathogens, in the natural environment out of concern
for their health. Both are transported through the environment similarly to colloids, and
their interactions are quite complicated. Groundwater, a critical supply of drinking water,
is under threat from industrial and agricultural activities as well as the vertical migration
of tiny particle pollutants from landfills, which may increase the degree of pollution and
ecological risk from MPs and pathogens. This study focused on the major processes of MP–
pathogen interactions as well as the sources and characteristics of MPs in the subsurface
environment. The primary elements influencing their interactions include particle size,
specific surface area, shape, hydrophobicity, and surface functional groups of MPs as
well as pathogen hydrophobicity, zeta potential, and physiological features. The surface
characteristics, crystallinity, and surface charge of MPs as well as changes in pathogens
and the environment (e.g., soil physicochemical parameters and ionic strength) all have
an impact on interactions. Furthermore, we investigated the co-transport of pathogens
and MPs in aquifer media. The cohabitation of the two in subsurface environments may
mutually enhance or prevent their migration, depending on the interactions. Future
research should concentrate on (i) the synergistic transport behavior of pathogens and MPs
in aquifer media under various environmental circumstances, and (ii) the combined toxicity
of MPs and pathogens to organisms.
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Abstract: This systematic review represents one of the first attempts to compare the efficacy of
the full suite of management interventions developed to control (prevent or remove) microplastics
(MPs) in freshwater bodies, both man-made and natural. The review also traces the evolution of
research on the topic in relation to the timing of key policy and regulatory events and investigates
whether interventions are being applied within regions and freshwater bodies that represent concerns
in terms of MP pollution. The review incorporated bibliometric analysis and meta-analysis of
124 original research articles published on the topic between 2012 and April 2023. To supplement
the key findings, data were extracted from 129 review articles on the major knowledge gaps and
recommendations. The number of articles on the topic increased with each year, coinciding with a
range of global policy commitments to sustainability and mitigating plastic pollution. The majority
of the studies focused on MPs in general, rather than any particular particle shape or polymer type,
and were conducted at wastewater/sludge treatment plants. Upstream interventions accounted
for the majority of studies reviewed (91.1%). A smaller proportion (4.8%) of studies involved
reduction in production and physical removal at the point of production (1.6%); treatment-related
objectives such as removal through filtration and separation and the combination of these with
other technologies in hybrid systems were dominant. Of the physical, chemical and biological
methods/technologies (and combinations thereof) employed, physical types (particularly membrane
filtration) were most common. The majority of the studies within the wastewater/sludge, stormwater
and in situ water/sediment categories exhibited removal efficacies >90%. Although new interventions
are constantly being developed under laboratory conditions, their scalability and suitability across
different settings are uncertain. Downstream interventions lack sustainability without effective
upstream interventions. Though in situ methods are technically achievable, they may not be feasible
in resource-limited settings.

Keywords: microplastics; freshwater; treatment efficacy; intervention; mitigation

1. Introduction

Microplastics (MPs) are emerging environmental pollutants that are ubiquitous in
aquatic environments (freshwater and marine). MP pollution has raised much concern glob-
ally and consequently spurred voluminous studies on the prevalence, characterization, fate,
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impacts and removal of MPs [1–3]. The phenomenon of MP pollution in aquatic environ-
ments reflects a much bigger challenge, namely, the global plastic waste burden, which was
placed at 275 million tons (Mt) in 2010, of which 31.9 Mt were estimated to be mismanaged
plastics that enter the environment [4]. In 2015, Jambeck et al. [4] approximated 8% (8 Mt)
of the total plastics used globally to eventually enter the ocean via rivers, surface run-offs
and other means. Furthermore, in 2017, Geyer et al. [5] approximated 12,000 Mt of plastics
to have escaped from the waste management cycle and entered landfills or the environment
directly over the last 50 years. After macroplastic debris enters the aquatic environment, it
can undergo biological (degradation by microorganisms), mechanical (erosion, abrasion)
and chemical (photo-oxidation, hydrolysis) modifications [6]. These modifications collec-
tively lead to the weathering and the fragmentation of macroplastic debris into smaller and
more abundant pieces (5 mm), what we refer to as secondary MPs [7]. In addition to the
formation of MPs from the breaking down of the macroplastics, a large amount of plastics
is manufactured as MPs (microfibers and microbeads), known as primary MPs, and used
in various products, particularly in cosmetic products and textiles, and manufacturing
processes [8,9].

Primary MPs are synthetic polymer particles produced as small-sized beads or pellets
for further processing or addition to goods to act as ‘scrubbers’ in cosmetics and household
cleaners, as industrial abrasives for sandblasting, or to manufacture feedstock pellets [8].
These particles (pellets and beads) are transported into water systems and then into natural
rivers, eventually entering the ocean [9]. Secondary sources of MPs come about as a result
of the unintentional introduction of plastic particles into water bodies from macroplastic
pollution; macroplastics break down into MPs as discussed earlier [6]. Synthetic textiles and
clothing are also significant sources of MPs because laundry physical and chemical abrasion
leads to the production of smaller microfibers [10] which can enter the environment,
particularly waterways (lakes, reservoirs, ponds, rivers, streams, wetlands), through the
inappropriate/untreated release of wastewater [11].

The first comprehensive overview of the state of waste management globally in
the 21st century [12] highlighted that waste management is still a challenge which is
predicted to intensify given that the global quantity of mismanaged plastic waste has
been projected to increase to 155–265 Mt per year in 2060, in comparison to 60–99 Mt in
2015 [13]. In commenting on the global waste management challenge in general, Wilson
and Velis [12:1049] raised an important point: “Effective technologies required to ‘solve’ the
waste problem are largely already available, and have been much written about”. Waste
management decisions may, therefore, need to focus on the implementation and suitability
of waste management strategies, and, in the case of plastics, this needs to incorporate
strategies (technologies/methods) for both (1) better management of the macroplastic
waste that could potentially produce MPs and (2) the control (removal and degradation)
of MPs after they enter water in the built and natural environment. However, this is not
a simple task, given that decisions on the selection of strategies to control MP pollution
are complicated by the fact that MPs are highly variable in terms of type, abundance,
source and fate [3,14–16]. While there is a comprehensive summary of the sources of MPs
to the environment [17], the multiplicity of MP sources has created a host of potential
fates, hazards and remediation options that have been documented within freshwater
bodies [18–20], though not as extensively as in marine environments [3].

Within a catchment, pollutants such as MPs can move across (out of or into) multiple
compartments, accumulate in certain compartments and even return to previous com-
partments. Efforts to manage and enhance the built environment and water resources
through strategies such as stormwater infrastructure and the creation of green infrastruc-
ture further complicate the movement and distribution patterns of MPs within a catchment.
Freshwater bodies that are found to contain MPs include groundwater, freshwater lakes,
rivers, dams [3] and both constructed and temporary wetlands [21]. Microplastics are
most common in urban freshwater sources but have also been found in remote locations
such as high-altitude streams [22]. The factors that could influence their relative concentra-
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tion/distribution (vertical and horizontal) in freshwater bodies include the source inputs,
duration of input and type of material (including size, shape and density), as well as
transport mechanisms which are in turn influenced by hydrodynamic elements such as
turbulence, turbidity and climatic conditions [19,21]. For example, water flow [3] and
rainfall have been shown to influence the input and concentration of MPs in freshwater en-
vironments and bring about seasonal variations in concentrations [3]. Retention of particles
in these riverine environments is also governed by the presence or absence of aquatic and
fringing vegetation, as they may serve to trap particles in the higher reaches if present [23],
which has pointed to the value of ecological infrastructure in managing MPs [24,25].

A major consideration when selecting interventions for the prevention and removal
of MPs is the impacts that one seeks to mitigate. The nature of these impacts will dic-
tate whether an established or bespoke intervention or combination of interventions is
needed [26,27]. These impacts include reduced environmental quality [3,18,25] and nega-
tive impacts on aquatic organisms. A review of these impacts on organisms is beyond the
scope of the current review but it is worth mentioning that they can be direct in the form
of gut blockage [28,29] or indirect by vectoring other sorbed pollutants such as organic
contaminants, heavy metals and microbial pathogens [30–32] that threaten the lives of
biota [33–35]. In terms of their impacts on water and sediment quality, inherent plastic
monomers and additive compounds that aid plastic function can be leached out over
time [34]. In light of the above, the suite of MP pollution control interventions employed
in any catchment compartment should ideally accommodate for the variety of impacts
these plastic particles could have within the compartment(s) under consideration and the
downstream water bodies.

Making decisions on the suitability of MP pollution control interventions for fresh-
water systems requires careful consideration of the location where they are to be applied
and, more specifically, the catchment features. On this note, the definition of a catchment
in the Anthropocene now accommodates the built environment as part of catchments,
particularly in urban areas where stormwater runoff from buildings and roads [36], and
other infrastructure such as wastewater treatment plants (WWTPs) [37,38] and ponds and
reservoirs [39,40], can all receive and release MPs into natural water bodies, particularly
freshwater systems such as rivers [41,42]. This threat has spurred increased implemen-
tation/commitment to policies, treaties and/or regulations focused on controlling MP
pollution globally [43–45]. This increased interest in controlling MP pollution, together
with the multiplicity, complexity and variability of the factors that contribute to the preva-
lence and fate of MPs in aquatic environments in general, has led to diversification in the
types of interventions (e.g., source control) and associated technologies/methods (e.g.,
membrane filtration) used.

Traditionally, environmental management interventions include pollution control
measures (which include implementing regulations and technologies to reduce or elimi-
nate harmful emissions and pollutants into the air, water and soil), habitat conservation
and restoration (protecting and restoring natural habitats to preserve biodiversity and
ecosystem functions), sustainable resource management (i.e., promoting the sustainable
and responsible use of natural resources to ensure their long-term availability and encour-
aging responsible consumption and waste management) and environmental education
and awareness [3,46]. Solutions for MP pollution include interventions that prevent the
release of plastics to the environment during their life cycle and physical methods of
recovering or removing MPs from the natural environment (e.g., using pumps, mesh
nets and other capturing devices) [3]. Strategies to recover or remove MPs have been
extensively reviewed [38,47–50] but focus largely on those associated with wastewater
treatment [11,51–54] or on specific types of interventions such as bioremediation [55]. Re-
views on interventions to prevent the release of plastics to the environment focus largely
on policies and regulations [43–45] or source control [25] and rarely focus specifically on
freshwater. Reviews that do focus on MP removal in freshwater environments e.g., [56,57]
either do not compare the relative efficacy of the variety of prevention and removal inter-
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ventions that have been applied, or focus exclusively on chemical, biological and physical
methods. The systematic review on management interventions for the control of MP pollu-
tion in freshwater bodies undertaken here, therefore, represents one of the first attempts to
compare the efficacy of the full suite of interventions that have been developed to control
(prevent or remove) MPs in freshwater bodies, both man-made and natural, based on the
contemporary understanding of what constitutes a catchment. The review addresses the
following research questions:

• What are the temporal, geographic and thematic trends in research on the application
of interventions to prevent or remove MPs in freshwater bodies?

• How do these research trends relate to the policy and regulatory evolution of mi-
croplastic pollution control?

• What types of MPs and which catchment compartments represent research priorities?
• What types of interventions and combinations thereof are being prioritized (i.e., what

are the comparative levels of uptake of different interventions), and where?
• What are the comparative levels of efficacy of the different interventions, and which

combinations appear to be most effective?

We believe that the comparative approach adopted in this review can aid management
decisions on MP pollution control in freshwater bodies, particularly in terms of the selection
of fit-for-purpose and efficacious intervention types and appropriate methods/technologies.
The knowledge gaps identified and recommendations made will help move research on
MP pollution into a solution-oriented paradigm.

2. Methodology

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA, 2020)
guidelines were followed to document the literature review [58]. The PRISMA method
provides a comprehensive set of guidelines for conducting systematic reviews [59,60],
which were applied as shown in the PRISMA flow chart (Figure 1). The results of the
identification, screening and inclusion process are described below.

Figure 1. PRISMA flow chart showing steps and article counts at the various stages of the review
process [1 Database: ProQuest Dissertations and Theses Global and Environmental Science].
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2.1. Search Strategy, Eligibility & Inclusion

A search strategy was devised to cover the three main topics: MPs, freshwater and
management/mitigation. The full search strategy, which included multiple search strings
and five databases, is presented in Appendix A. Google Scholar, Web of Science Core Collec-
tion (Clarivate Analytics, London, UK) and Scopus (Elsevier, Amsterdam, The Netherlands)
were searched on 27 April 2023. Dissertations & Theses Global and Environmental Science,
both on the ProQuest platform, were searched on 28 April 2023. All searches except for
Google Scholar were limited to the period 2012 to April 2023. For studies to meet the
inclusion criteria, they had to be peer-reviewed, original research articles or book chapters
or dissertations published in English from 2012 to April 2023, and, most importantly, had
to report on the application of an intervention to control MP pollution in a freshwater
body/system/habitat. Studies were excluded if they reported on MPs in the marine en-
vironment, nanoplastics or macroplastics, or if they represented conference proceedings
or review articles. Studies were imported into Rayyan [61] and assessed for eligibility by
two independent reviewers. Any conflict based on the inclusion and exclusion criteria
was marked and resolved by discussion with the entire research team. The initial search
identified peer-reviewed articles on the control, mitigation, prevention and management of
MP pollution in freshwater systems and identified 3244 articles after de-duplication. Of
these 3244 articles, 911 were deemed suitable for a full-text review after title and abstract
screening. Of these 911 articles, only 124 were found to involve the application of an
intervention to control MP pollution in a freshwater system and subsequent assessment of
efficacy—our primary criterion for inclusion after full-text screening.

In addition to the systematic literature review, we extracted data on the major rec-
ommendations and knowledge gaps on controlling MP pollution in freshwater bodies
from a selection of review articles. From the original search of 3244 articles used for the
systematic review, 794 review articles were screened, yielding 129 articles that were deemed
suitable for inclusion after a full-text screening based on the fact that they contained specific
recommendations and identified knowledge gaps related to controlling MP pollution in
freshwater bodies or aquatic habitats in general.

2.2. Data Extraction & Management

The abstracts for all records identified via the initial search (n = 3244) were retrieved
and imported into Rayyan [61] for screening. The 3244 records were then screened (two
independent reviewers per article) using the title and abstract, and separated into three
categories: ‘include’, ‘exclude’ and ‘maybe’. The ‘maybe’ category served as the holding
folder for review articles, which were subjected to a separate data extraction and analysis
process (described below) by two independent reviewers per article, separate from the
124 original research articles ultimately included in the systematic review. The full text of
all articles identified for inclusion was obtained, and the text was critiqued for eligibility
by two independent reviewers per article as shown in the PRISMA flow diagram. Any
conflicts were identified by Rayyan. All identified conflicts were resolved by discussion
between the reviewers. If a resolution could not be obtained, then the article was assessed
and discussed by the entire research team.

Using a modified data extraction spreadsheet created in Excel (see Supplementary
File S1), two independent reviewers extracted data on the following for each of the
124 articles included in the systematic review: full citation, article country of origin, MP
types, type(s) of intervention, objective(s) of intervention, method/technology employed,
location/habitat/environment in which the intervention was applied and efficacy (based
on percentage removal/reduction). If multiple interventions were reported in a single
article, then data were extracted for each type of intervention separately. Additionally,
recommendations and knowledge gaps on the subject were extracted from 129 review
articles into an Excel spreadsheet and used for the supplemental analysis.

Using a modified data extraction spreadsheet created in Excel (see Supplementary File S1),
two independent reviewers extracted data on the following for each of the 124 articles
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included in the systematic review: full citation, article country of origin, MP types,
type(s) of intervention, objective(s) of intervention, method/technology employed, lo-
cation/habitat/environment in which the intervention was applied and efficacy (based
on percentage removal/reduction). If multiple interventions were reported in a single
article, then data were extracted for each type of intervention separately. Additionally,
recommendations and knowledge gaps on the subject were extracted from 129 review
articles into an Excel spreadsheet and used for the supplemental analysis.

It should be noted that this review process was subjected to multistage quality checks.
As mentioned above, during the screening and full-text review phases, a minimum of
two authors were assigned to each record. In cases where both authors yielded different
results/outcomes, a third author examined the record and served as an arbitrator. Authors’
profiles and disciplinary focus differed, resulting in a multidisciplinary group of reviewers,
which ensured the reduction of bias.

2.3. Data Analysis

Data on MPs type and the number, type, objective, methods/technologies and effi-
cacy(ies) of the interventions were coded based on predefined categories to generate a
comparative matrix (Supplementary File S1). These data were disaggregated into the main
thematic areas by crosstabulations (SPSS, Version 27). Publication dates were analyzed.
The citation and keyword network analyses were generated in VOSViewer version 1.6.19, a
tool for blending and visualizing bibliometric networks based on citation and journal data
extracted from a robust body of scientific literature [62]. Recommendations and knowl-
edge gaps extracted from the review articles were arranged thematically and scored for
frequency (i.e., how many articles they appeared in). Using the frequencies, each theme
was then ranked to identify the most frequent recommendations and knowledge gaps, and
the top five for each category were selected for discussion.

3. Results & Discussion

The results of almost all the analyses described in this section were based on the
database compiled for the study (Supplementary File S1), which contains data on the year
in which the article was published; country where the intervention(s) was/were applied;
the MP type(s) targeted (e.g., microbeads/pellets/nurdles); whether single or multiple
interventions were applied; what type(s) of intervention(s) was/were applied (e.g., source
control measures or wastewater/sludge treatment); what the objective of the intervention
was (e.g., reduction in production or degradation); the method/technology (e.g., filtration or
flocculation) employed; the location (habitat/environment/setting) where the intervention
was applied (e.g., river/stream); and, finally, the normalized percentage efficacy of the
intervention to allow for comparisons (given that the same method of quantification was
used before and after application of each intervention). The database represents what we
believe could be the beginnings of a decision-making tool for practitioners, managers and
researchers to compare strategies for MP control in freshwater systems and access relevant
literature on these strategies.

3.1. Scope of Publications on MP Interventions in Freshwater Systems

Our initial search yielded a total of 3244 articles but only 124 papers [3,4,63–183] were
ultimately selected for review based on the exclusion criteria. The initial search yield (based
on title and abstract) is reflective of the overwhelming number of publications on MPs over
the last decade [2,184], but the marked difference between the number of papers in the initial
search yield and the final number of papers selected for review is possibly a consequence
of an over-emphasis on MPs in the marine environment. For example, Blettler et al.’s [185]
analysis of journal databases for publications over an unspecified duration until May 2018
showed 440 (~87%) marine MP studies that fulfilled their search criteria in comparison
to only 64 (~13%) in freshwater habitats. When the authors expressed these numbers in
terms of publication rate, they showed that publication rates of studies of plastics in the
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marine and freshwater environments were 41 and 7 papers per year, respectively. The
underrepresentation of studies on the application of interventions for the management,
prevention and mitigation of MP pollution in freshwater environments in the literature is
of particular concern; for instance, in the present study, only 3.24% of the studies that met
the initial search criteria (Figure 1) focused on the application of an intervention to manage,
prevent or remove MPs in freshwater bodies.

All studies included in the systematic review [3,4,63–183] were published in 2016 or
later, with an increase in the number of studies published each year, except in 2023. We
believe that the ‘false’ decline in 2023 is simply a consequence of the analysis only including
articles published up until April 2023. Therefore, while the set of articles analyzed for
this paper represents a focused sample of research published on MPs, it can be inferred
from this sample that the number of papers being published on MPs is continuously
growing. In terms of the chosen timeline, 33.1% of publications used in this systematic
review were generated in the year 2022. This is reflective of publication trends in the
literature on MPs in general [2], where research on MP pollution is seen to have gained
momentum after the publication of the global Paris Agreement (UNFCCC, 2015) and the
listing of MPs as one of the top 10 environmental issues in 2014 (Figure 2). Even though
our analysis begins in 2016, there may have been several factors promoting research on
MP removal/degradation in freshwater systems before this timeframe. For example, the
significant rise in publications may have been spurred by the global commitment to the
Sustainable Development Goals (SDGs) in 2015. This thrust may have been sustained by
subsequent events such as the G7 signing of the Ocean Plastic Charter in 2018 and China’s
release of a document strengthening plastic pollution control by its National Development
and Reform Commission and Ministry of Energy in 2020.

 

Figure 2. Timeline giving publications per year [3,4,63–183] and key events in the evolution of
microplastic pollution control.

To truly appreciate this increased momentum, one has to only consider that our
analysis showed the number of publications on the control of MPs in freshwater bodies to
increase by 1700% between 2016 and 2020 and by 127.8% between 2020 and 2022. Similarly,
Al et al. [2], in their bibliometric analysis of emerging trends in research on MP pollution in
the post-Paris Agreement and post-COVID-19 pandemic world, showed that the number
of articles in 2020 increased by 1770.0% relative to 2015. Based on the trends they observed,
Ali et al. [2] predicted a much higher number by the end of 2021. The trends we see here
in terms of the increase in the number of studies on management interventions for MP
pollution control in freshwater bodies are also very likely due to the increased generation
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and access to published research on MPs, as evidenced by an analysis by Sorensen and
Jovanović [184] which showed that the number of MP publications increased by 2323.1%
in 2019 relative to 2009. Furthermore, their analysis showed that 2019 was the year with
the highest total number of citations (42,000 citations), followed by 2018 (25,000 citations)
and 2017 (13,000 citations). However, in comparison, freshwater interventions for MP
control remains under-researched across most of the world when compared to research
on marine systems. This may change in the foreseeable future, given the endorsement
of the first-ever legally binding UNEP resolution to end plastic pollution in 2022 and the
continuous improvement in detection methods [186].

The minimum number of co-occurrences between the keywords was set at five, which
produced a total of 53 keywords (Figure 3). In Figure 3, the larger the ‘dot ‘underneath
the keyword, the more often the keyword occurs, and, based on this, the top keywords
include microplastics, pollution, particles, fate, removal and identification. There are four
clusters of keywords indicated in red, green, blue and yellow. The blue cluster reveals
themes of pollution, particles and identification, with a focus on fibers, debris, WWTPs
and sewage sludge. The red cluster includes MPs, marine environment and sediments
with a variety of other terms like degradation and biodegradation coagulation, polymers,
drinking water, polyethylene and polystyrene. The green cluster represents not only fate
and wastewater-related keywords but also the natural environment with terms like fish
and river. A small yellow cluster includes the removal and activated-sludge process. This
cluster analysis reflects the importance of the types of data extracted from the 124 selected
articles: The blue cluster highlighted the need to discriminate among the types of particles
targeted across different studies; the red cluster highlighted the need to extract data on
the methods/technologies used; the blue and green clusters highlighted the importance of
looking at the application of interventions upstream (e.g., wastewater/sludge treatment
plants (upstream) and downstream (e.g., rivers); the yellow cluster highlighted the impor-
tance of interventions focused on the removal of MPs (Figure 3). Numerous articles have
pointed towards the importance of considering the type(s) of MP targeted, the source of
the MPs and the method/technology used for their removal/degradation/reduction when
designing MP control interventions for freshwater systems [49,170,187].

The article with the highest number of citations was Carr [71], with 1043 citations
(Figure 4). This paper discussed MPs in wastewater treatment plants. Other articles with
200 or more citations include Auta [65,66] discussing microbial MP degradation, as well as
Edo [81], Conley [75] and Lv [119] discussing WWTPs. These results highlight the emphasis
placed on interventions focused on the removal of MPs from wastewater (i.e., upstream
interventions) globally, a trend evidenced by the large number of articles on wastewater
treatment in this study (74.2%) and the voluminous number of articles on the removal of
MPs from wastewater/sludge reviewed elsewhere [37,38,51].

The publications reviewed in this paper reflect studies on the application of interven-
tions to control MP pollution in freshwater bodies from across the globe; however, the
majority of articles originate in the People’s Republic of China, the United States of America
and Australia (Supplementary File S1). Likewise, articles with the highest citations were
also from the People’s Republic of China and the United States of America, each with two
distinct authors contributing to the metric (Supplementary File S1). The possible reasons
for this geographical bias are discussed in Section 3.3, where we examine the geographic
patterns in terms of the application of interventions for the control of MPs in freshwater
bodies. However, it should be mentioned that these two nations host several premier aca-
demic institutions that have been driving the research agenda on environmental pollution
for many years. Moreover, they have been actively involved in developing and lobbying
for improved policies and regulations for MP pollution, specifically along the MP pollution
control timeline shown in Figure 2.
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Figure 3. Map of the network of co-occurring keywords from the included articles [3,4,63–183]
generated in the visualization software VOSViewer version 1.6.19 (n = 124).

3.2. Location of Studies

A country-level classification shows that 36.3% of the publications were conducted
in China, while USA (8%), Germany and UK (5.7%), Australia and Thailand (4%), India
(3.2%) and Canada, Denmark, Iran, Malaysia, Spain and Sweden (2.4%) comprised the
main geographic focus. Further analysis revealed that the research foci varied across
these main countries (Table 1): China, Germany and the UK produced publications across
several categories of interventions while countries such as the USA and India focused on
wastewater/ sludge, bioremediation and stormwater treatment interventions (Table 1).
Evidently, publications on wastewater/sludge treatments were the dominant research focus
in terms of intervention type, with China contributing 29.8% of the articles in this category.

However, more important in this systematic review is habitat/environment/setting
in which these interventions were applied, as this will help shed light on the catchment
compartments that are being prioritized and the degree to which interventions are being
applied in real-world settings. Of the 18 potential habitat/environment/setting types
used to extract the data (see Supplementary File S1), nine were represented in the articles
reviewed here (Figure 5). As expected, a large proportion of the studies were conducted at
treatment plants (36.3%). However, it was interesting to note that the majority of the studies
(44.4%) were conducted ex situ, under laboratory conditions, aiming to develop or refine
interventions. These two locations were followed by constructed/natural wetlands in terms
of frequency, with a handful of studies (8.8%) taking place in real-world settings such as
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stormwater drainage, roads/streets/highways and households/homes [86]. Importantly,
none of the studies reviewed were applied at the catchment scale and there were no studies
on other freshwater catchment compartments known to be impacted by MPs, such as lakes
and dams, that met the search criteria. Even though this suggests that future research
should aim to close these gaps in terms of under-researched catchment compartments,
they may also point to the fact that the freshwater systems that are currently the foci of
research in the field (e.g., rivers/streams, stormwater systems and WWTPs), represent the
major threats/priorities. The results also suggest that new methods are constantly being
developed and refined under laboratory conditions before they are implemented (at scale)
in situ [112]. However, many of these lab-based studies use manufactured MPs [99,171,176]
and appear to ignore weathering/aging effects and diversity in MPs (shape and polymer
types) that exist in natural settings [132]. This can result in the development of interventions
that are not fit-for-purpose (i.e., not scalable and/or inefficient in situ).

 

Figure 4. Results of citation analysis (up until July 2023) of the included articles [3,4,63–183] generated
in VOSViewer (n = 124).
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Table 1. Intervention types researched by top-producing countries (n = 124) [3,4,63–183].

Country * 1 2 3 4 5

China 3.2 29.8 2.4 - 0.8
USA - 5.7 - 2.4 -

Germany 0.8 4 - 0.8 -
UK 0.8 4 .8 - -

Australia - 4 - - -
Thailand - 4 - - -

India - 2.4 0.8 - -
1 = Source Control; 2 = Wastewater/Sludge treatment; 3 = Bioremediation; 4 = Stormwater treatment; 5 = In-situ
sediment/water treatment; * Only showing results for the main countries contributing to research highlighted in
the systematic review.

 

Figure 5. Habitat/environment/setting in which interventions were applied [3,4,63–183] (n = 124;
Multiple entries observed in some records).

3.3. Types of MP

Of the 124 studies reviewed, the majority (89.5%) focused on interventions targeting
MPs in general rather than any particle shape (fibers, films, foams and fragments) or
polymer type (polyethylene, polypropylene, polystyrene, polyamide, polyester and acrylic).
There was a small proportion of studies that focused on microbead and microfiber removal
(~4.8% each). Fibers are the most dominant group of MPs, especially in urban landscapes
and originate from the washing of clothes/textiles [180,188]. Microbeads have also been
identified as a major threat to many aquatic environments, given their widespread use
in cosmetics and personal care products [8,189]. These MP prevalence patterns do not
appear to be reflected in the literature on interventions to control MP pollution, though. For
example, there was a very limited focus on interventions designed to capture microfibers
using laundry technologies [120] and microbeads [127] specifically. Targeted interventions
such as these do not seem to be the norm since the size, ubiquity and indiscriminate release
of MPs into freshwater environments would make such an approach unnecessary and/or
ineffective in most instances [190].

3.4. Type and Application of Interventions for Freshwater Systems

Based on the logic of process principles, by reducing the loss of plastics to the envi-
ronment, the input of MPs into freshwater environments could be subsequently reduced.
Solutions that focus on the prevention of plastics release to the environment during their
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life cycle can be termed ‘upstream solutions’, while ‘downstream solutions’ refer to the
physical methods of recovering or removing MPs from the natural (freshwater) environ-
ment (e.g., using pumps, mesh nets and other capturing devices) [3]. Our review revealed a
suite of upstream and downstream solutions (termed ‘interventions’ henceforth) that could
be discriminated at the highest level in terms of ‘intervention type’ using the following
typology (Supplementary File S1):

(1) Source control—measures to prevent MPs from coming into contact with (stormwater)
runoff in natural and/or built environments; this includes clean technologies—any
technology-based process, product or service that reduces/prevents MP inputs into
the environment [74];

(2) Wastewater/sludge treatment—physical water treatment, biological water treatment,
chemical treatment, and sludge treatment aimed at removing MPs and other pollu-
tants [113];

(3) Bioremediation—use of either naturally occurring or deliberately introduced mi-
croorganisms or other forms of life to consume and break down MPs, to clean up a
chronically or episodically polluted site [77];

(4) Stormwater treatment—the installation of structural controls primarily designed
to remove MPs from stormwater runoff before this water is released into natural
freshwater bodies [86];

(5) In situ water/sediment treatment—the physical removal of MPs from water or sedi-
ment in a natural freshwater body [99].

It was clear that the majority of the studies reviewed (95.2%) involved a singular
intervention type, with only 4.8% of the studies involving a combination of interven-
tions. Upstream interventions, namely wastewater/sludge, source control and stormwater
interventions (collectively 91.1%) appear to be the dominant approaches adopted, with
downstream interventions (bioremediation and in situ water/sediment interventions) ac-
counting for a total of 12 studies reviewed. Wong et al. [3], in their review of the prevalence,
fates, impacts and sustainable solutions to MPs in freshwater and terrestrial environments,
observed that downstream solutions lack sustainability without effective upstream solu-
tions. Though physical (e.g., mesh nets, pumps and other capturing devices) [100] and
microbe-based [142] methods of recovering or removing MPs from freshwater bodies are
technically achievable, they are often not logistically feasible due to the large number of
MPs that are constantly entering these environments. Given that these methods require the
installation of infrastructure or the introduction of foreign organisms, they also have the
potential to disrupt local ecosystems.

In terms of the ultimate objective(s) of the interventions, a very small proportion of
the studies involved reduction in MP production and physical removal at the point of
production [120]; far more emphasis seems to be placed on treatment-related objectives
such as removal through filtration and separation, capture and attachment and a combina-
tion of these technologies in hybrid systems (Table 2). However, it should be noted that
interventions that involve the actual degradation of MPs appear to be uncommon (only
8.1% of the studies investigated). Interventions that involved the use of biodegradation
were limited [126,159]. Similarly, research on bioplastics was limited [163], pointing to the
technical challenges associated with this type of research: the rate at which bioplastics de-
grade is affected by different environmental conditions such as temperature, moisture, pH,
oxygen content and, importantly, the availability of microorganisms [191]. The aquatic envi-
ronment appears to be less suited than the terrestrial one for the degradation of bioplastics
due to the lower availability of diverse microorganisms that enable higher biodegradability
as compared to other environments such as soil [3].
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Table 2. Description of ultimate objective(s) of the interventions/studies investigated (n = 124)
[3,4,63–183].

Intervention Objective % of the Articles Reviewed

Reduction in production 4.8
Removal–Filtration & Separation 21.6

Removal–Capture & Surface attachment 16.1
Removal–hybrid 48.4

Degradation 8.1
Physical removal at production 1.6

The high frequency of removal through the use of a combination of technologies (60;
labeled ‘Removal–hybrid’ in Table 2) is a consequence of the fact that studies dealing with
WWTPs constituted the majority (74.2%) of the articles reviewed here. This sampling
bias, which was unavoidable as it reflects the literature on the subject over the last decade
(evidenced by multiple reviews) [38,192], influenced other trends that emerged in our data
analysis which are discussed later in this paper. This is largely because WWTPs are viewed
as perhaps the most important source control points within catchments since they represent
the solution in cases where they are efficient but quickly turn into problems when they
experience failures and/or are based on inefficient technologies/methods [193].

Our analysis revealed that a wide range of techniques/methods are being employed/
explored for controlling MP pollution in freshwater bodies (Table 3). A brief description of
the technologies that were identified in the systematic review is given below. However, it
should be noted that this list is not exhaustive and some of these technologies are evolving
very rapidly, with a single method/technology sometimes displaying multiple design,
application and combination variations, so we have also highlighted articles that offer a
more detailed technical description of these technologies.

Table 3. Description of technologies adopted for MP control in freshwater systems (n = 124)
[3,4,63–183].

MP Control Descriptions Citation/s
% of

Articles Reviewed

Filtration membrane Using different types of membrane filters
to remove MPs during water treatment. [50,123,147] 36.3

Constructed/natural wetland

Using natural or engineered (constructed)
wetland systems to capture and remove

MPs from wastewater and non-point
source pollution. These include various
designs of constructed wetlands, with a

variety of materials and plants.

[70,74,132,156,181,182] 15.3

Coagulation/electrocoagulation

Using different types of coagulants such
as polyacrylamide (PAM) and alum, or

electrical charge to allow MPs in water to
form an agglomeration. The coagulation

is followed by flocculation and then
settling (sedimentation) of the particles,

after which they are physically removed.

[26,63,82,104,109,127] 15.3
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Table 3. Cont.

MP Control Descriptions Citation/s
% of

Articles Reviewed

Flocculation and
sedimentation

Using flocculation of MPs,
followed by their

sedimentation, and then
physical removal of the
particles during water

treatment. Various types of
chemical coagulants and/or
electrocoagulation have been
used to speed up the natural

flocculation and
sedimentation process.

[109,111,128] 15.3

Adsorption

Utilizing different types of
sorbents (e.g., activated
carbon, biochar, zeolites,

sponges) or electrical charges
to facilitate sorption of MPs

onto these particles, followed
by their sedimentation and

physical removal.

[48,172] 6.5

Magnetization

Utilizing magnetisms (e.g., via
binding with nano-Fe3O4
particles) to magnetize the

hydrophobic surface of MPs,
followed by their separation

and removal under the
influence of a magnetic field.

[141,148] 2.4

Micromachines

Utilizing novel approaches
like microscale particles with

magnetic properties, e.g.,
magnetic field, to create a

continuous motion to facilitate
transportation and then

separation/removal of MPs in
aquatic environments [48].

Micromachines can also
include utilizing a bubble

barrier device to collect [175]
and surface-functionalize

microbubbles to accumulate
and remove MPs in aquatic

systems [176].

[48,175,176] 0.8

Superhydrophobic materials

Using various chemicals, with
superhydrophobic surfaces, to

functionalize MP surfaces
which results in a change in
the surface chemistry of the
particle, facilitating removal

(e.g., via sorption, flocculation
and sedimentation).

[63] and references therein 1.6

Microorganism
aggregation

Using microorganisms (e.g.,
micro-algae and bacterial

films) to facilitate aggregation
(via biofilm formation) of MPs
in aquatic/treatment systems,
which increases the density

and promotes sedimentation
of particles for ultimate

physical removal.

[63,76,77] 4.0
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Table 3. Cont.

MP Control Descriptions Citation/s
% of

Articles Reviewed

Photocatalytic

Using light irradiation to
excite photocatalysts, a pair of

electrons and holes are
produced in the redox

reaction, and then this process
degrades MPs into smaller

inorganic molecules, such as
carbon dioxide and water.

[47] 0.8

Microorganism
degradation

Using microorganisms (e.g.,
bacteria) to physically

degrade MPs as natural
and/or engineered

remediation of MPs in
aquatic systems.

[48] and references
therein [65,66] 10.5

Thermal
degradation

Using various thermal
processes, often hydrothermal
hydrolysis combined with the

use of various chemical
treatments (e.g., Thermal

Fenton Reaction), to remove
MPs in water bodies

or WWTPs.

[72,93] 4.0

Oxidation ditch

Exposing MPs to an oxidizing
environment enriched with

bacteria (e.g., during activated
sludge system in WWTPs)
increases their oxidation,
which will increase their

hydrophilicity. The increased
hydrophilicity of MPs assists
with their removal via froth
flotation in the presence of

cationic and
anionic surfactants.

[90,100] 8.9

Sedimentation

Removal of MPs from aquatic
systems (including WWTPs)

via vertical sinking (often
combined with coagulation

and flocculation) and
deposition onto the bottom,
which can be followed by

physical removal.

[26,48,63] 6.5

Mechanical manual removal

Mechanical/manual removal
of MPs via flotation,

sedimentation and filtration,
using various filtration

techniques such as screening,
sand/membrane filtration and

reverse osmosis.

[26,48] 4.0

Agglomeration

Natural and/or enhanced
(using chemical and/or
electrical coagulation)

aggregation of MPs into a
large mass. The agglomerated
particles are larger and thus
sink and accumulate on the

bottom, after which they can
be physically removed.

[88,89,139] 1.6
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Table 3. Cont.

MP Control Descriptions Citation/s
% of

Articles Reviewed

Sand filtration
column

Using a sand filtration system
that traps MPs between sand
grains is often enhanced with

the addition of various
filtration aids such as biochar.

[26] and references
therein [92] 1.6

Laundry technology

Using various technologies in
washing machines (e.g.,

filtration system or removable
fiber attracting innovations as
part of the wash) for source

control of MPs.

[79,120,121] 0.8

Based on the descriptions given above, our analysis revealed physical methods to
be the most widely used, including membrane filtration, separation via phyto-capture,
grit/primary sedimentation, density separation, coagulation and flocculation and combi-
nations thereof. This finding is supported by other recent reviews [194] and is largely a
consequence of the dominance of wastewater/sludge treatment-related studies in the
dataset, as discussed earlier. Membrane filtration, for example, is the most frequent
technology/method employed in wastewater/sludge treatment but is almost always
used in combination with other methods (as evidenced by other reviews [52,195]), most
frequently coagulation/electrocoagulation, the combination of flocculation and sedimenta-
tion and oxidation ditch. The employment of other technologies traditionally associated
with wastewater/sludge treatment, such as adsorption, magnetization, superhydrophobic,
thermal degradation, and agglomeration, appears to be less frequent (all between 1.6–5.6%).
Technologies/methods that involved microorganisms either for aggregation or degradation
of MPs (14.5% in total) and the use of constructed/natural wetlands (15.3%) for separation
were less frequent than traditional physical methods/technologies. However, it should be
noted that both microorganisms and wetlands were observed to be applied in isolation or
integrated into wastewater/sludge treatment plants. More rudimentary (combination of
sand filtration and sedimentation, and sedimentation in isolation) and highly technological
(micromachines) methods/techniques were recorded, but these were less frequently used
(all ≤ 6.5%).

3.5. Levels of Efficacy across Interventions

When efficacy was assessed within each category, we noted that the majority of the
studies within the wastewater/sludge, stormwater and in situ water/sediment interven-
tions all exhibited reported efficacies of >90% (Table 4). Furthermore, though a significant
proportion of studies in the wastewater/sludge category (19.8%) exhibited efficacies of
76–90%, efficacies for this intervention type were spread across the lower, middle and upper
ranges. This can be attributed to variations in the number of treatment steps, type and
operating conditions of treatment technologies and, possibly, differences in the age and/or
quality of facilities within and across different studies. Similarly, efficacies for studies within
the bioremediation category were spread across the lower and upper ranges; the majority
(30%) of these studies exhibited efficacies <25%. In this case, differences in the efficacy
of any biological solution can be expected given that changes in climatic/environmental
conditions acting on aquatic environments cannot be controlled/accommodated for and
most often influence the performance/physiology of the organisms used.
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Table 4. Comparison of MP prevention/removal efficacy rates (%) across intervention types
[3,4,63–183].

Type of Intervention <25% 26–50% 51–75% 76–90% >90%
Effective:
Rate Not
Disclosed

Source control (n = 14) - - 14.3 21.4 14.3 50.0
Wastewater/sludge
treatment (n = 91) 4.4 1.1 12.1 19.8 41.8 20.9

Bioremediation (n = 10) 30.0 10.0 - 20 10.0 30.0
Stormwater treatment

(n = 7) - - 14.3 14.3 42.6 28.6

In situ water/sediment
treatment (n = 2) 50.0 - - - 50.0 -

Total (n = 124) 7.4 1.6 11.3 19.4 36.3 25.1

Efficacies for studies in the source control category were spread across the upper three
ranges (51–75, 76–90 and >90%) but the design of these studies often did not require the
quantification of efficacy, which may explain why efficacy was not reported in 50% of the
studies of this type. Other intervention categories included a significant number of studies
where the intervention was reported to be effective, but the efficacy rate was not reported
(20.9–50%); in total, 25.1% of the 124 studies reviewed did not report efficacy. Importantly,
when data for all intervention types were pooled for analysis, 55.7% of the studies reviewed
exhibited efficacies >76%, of which 36.3% exhibited efficacies >90% (Table 4).

When we compare the level of efficacy of different interventions in terms of their main
objective, it was evident that the removal of MPs using hybrid systems, which refer to
wastewater/sludge treatment plants, was the most effective, with 50.8% of the studies
in this category displaying efficacy rates of >90% and 16.9% of studies reporting rates
of between 75–90% (Table 5). Other reviews [192,196] have also concluded that during
the wastewater/sludge treatment process, most of the MPs are removed. Systems that
employed a grease-skimming method during the preliminary treatment process seemed to
have a large proportion of MPs removed from the treatment process, while filtration and
membrane technologies seemed to be the most effective during the final stages of treat-
ment [192]. While other reviews have shown that high efficacy rates for wastewater [51,196]
and sludge [197] treatment plants are common, it should be said that very few of these treat-
ment plants remove MPs with 100% efficacy, which implies that treatment plants are also a
significant secondary source of MPs [194]. WWTPs have for some time now been recog-
nized as perhaps one of the most significant sources of MP pollution globally [193,198,199].
Closer analysis of the wastewater-related studies suggests that the high levels of efficacy can
be attributed to significant advances in membrane technologies such as ultrafiltration (UF),
microfiltration, reverse osmosis and membrane bioreactors over the last decade [50,147] and
the adoption of other treatment technologies/methods such as the combination of a porous
membrane with a biological process [49,200]. These supplemental/alternate wastewater
treatment options have been born of necessity. One of the major drawbacks of membrane
filtration is the fouling phenomenon which is the result of the adsorption of particles on
the membrane surface. This fouling leads to reduced membrane filtration performance and
consequently higher energy costs, operation time and maintenance [201]. Also, the efficacy
of WWTPs is based on the systematic and accurate detection of MPs to keep track of how
effectively the treatment process is in removing MP particles [192]; in this regard, during
the screening of articles for our review, we encountered a large number of studies on MP
detection methods/technologies.
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Table 5. Comparison of MP prevention/removal efficacy rates across intervention objectives (in %)
[3,4,63–183].

Intervention Objective <25% 26–50% 51–75% 76–90% >90%
Effective:
Rate Not
Disclosed

Reduction in production (n = 6) - - 1.7 33.3 1.7 33.3
Removal–Filtration & separation

(n = 26) 7.7 - 26.9 15.4 26.9 23.1

Removal–Capture & surface
attachment (n = 21) 4.8 9.5 4.8 28.6 28.6 23.8

Removal–hybrid (n = 59) 3.4 - 8.5 16.9 50.8 20.3
Degradation (n = 10) 30.0 - - 20.0 10.0 40.0

Physical removal at point of
production (n = 2) - - - - - 100.0

Total (n = 124) 5.6 1.6 11.3 19.4 36.3 24.2

Even though studies on interventions with other objectives, specifically reduction in
production, removal–filtration and separation and removal–capture and surface attachment
and degradation, comprised a far smaller proportion of the studies reviewed, there were a
significant number of reports within these categories where efficacy rates were between
75–90% and even >90% (Table 5). Additionally, 33.3% of the studies that had the objective
of reduction in production reported efficacies of between 76–90%. It was also apparent that
MPs of higher density can be removed effectively by coagulation, flocculation and then
sedimentation (a finding supported by other review articles [22]).

Studies focused on the removal of MPs at the point of production were the exception,
with efficacy rates not being reported for both the studies reviewed. On this note, it was
worrying that 24.2% of the studies investigated (including all categories in the table below)
indicated that the intervention was effective but did not report an efficacy rate; most notable
was the 40% of studies on degradation that did not report levels of efficacy. In terms of the
lowest levels of efficacy, interventions that focused on degradation (30%) appeared to be by
far the least effective.

As mentioned earlier, our review revealed a wide variety of technologies/methods
(n = 18) that have been applied/investigated to control MP pollution of freshwater bodies.
However, the frequency with which these methods/technologies are used independently
and/or in combination with each other varies widely (Table 6), necessitating careful inter-
pretation of their efficacy. For example, 100% of the studies involving the independent use
of CSA–micromachines, CSA–superhydrophobic, CSA–adsorption, agglomeration, sand
filtration column and laundry technologies/methods exhibited efficacies of 100%; however,
all these categories were represented by just 1–4 articles. Similarly, a significant proportion
of the studies that involved the independent use of sedimentation, agglomeration and
thermal degradation reported efficacies of >50% but these categories were represented by
2–3 articles. When we look at the technologies/methods that were used more frequently, ei-
ther independently and/or in combination, the following stand out in terms of significantly
high levels of efficacy: Filtration–membrane was used in a total of 42 studies and 72.4% of
these exhibited efficacies >76%; separation–constructed/natural wetlands was a feature of
16 studies, of which 50.1% exhibited efficacies >76%; CSA–coagulation/electrocoagulation,
CSA–flocculation & sedimentation and microorganism degradation were all featured in
5–9 studies, with 40–66.6% of these exhibiting efficacies >76%. The pros and cons of mem-
brane filtration technologies have already been discussed above but it is worth noting that
an oxidation ditch was used eight times in combination with a filtration membrane, point-
ing to the efficiency of this combination in the hybrid systems used in wastewater/sludge
treatment. Our review also revealed some very novel approaches to microorganism-aided
degradation of MPs [142,145], which is encouraging despite the relatively lower efficacies.
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Table 6. Comparison of MP prevention/removal efficacy rates (%) across intervention meth-
ods/technologies applied independently and/or in combination (n = 124) [3,4,63–183].

Method/Technology <25% 26–50% 51–75% 76–90% >90%
Effective:
Rate Not
Disclosed

1 (n =29) - - 10.3 17.2 51.7 20.7
1,11 (n = 2) - - - - 50.0 50.0
1,13 (n = 4) - - - - 75.0 25.0

1,13,14 (n = 1) - - - - - 100.0
1,13,14,15 (n = 1) - - 100.0 - - -

1,14 (n = 2) - - - 50.0 50.0 -
1,2 (n = 2) - - 100.0 - - -

1,2,4,9,11,14 (n = 1) - - - - - 100.0
1,3,4,13 (n = 1) - - - - 100.0 -

1,4 (n = 3) - - 33.3 - 33.3 33.3
1,4,11,13 (n = 1) - - - 100 - -

1,4,13 (n = 2) - - - 50 50 -
1,4,13,14 (n = 1) - - - 100 - -

1,9,13 (n = 1) - - - - 100 -
2 (n = 16) 12.5 - 18.8 18.8 31.3 18.8

2,3,6 (n = 1) - - - 100 0 0
3 (n = 9) 22.2 - 11.1 22.2 33.3 11.1

3,4 (n = 4) 25 - - 25 50 -
3,4,5,11 (n = 1) - - - - - 100

3,5 (n = 1) - - - 100 - -
3,6(n = 1) - - - 100 - -
4 (n = 5) - - - 60 40 -
5 (n = 3) - - - - 33.3 66.7

5,12 n = 1) - - - - 100 -
6 (n = 2) - - - 50 - 50

6,12 (n = 1) - - - - 100 0
7 (n = 1) - - - - 100 -
8 (n = 2) - - - - 100 -
9 (n = 2) - 100 - - - -
11(n = 8) 37.5 - - 12.5 - 50
12 (n = 3) - - - 33.3 -
13 (n = 2) - - 50 - - 50
14 (n = 4) - - 25 - - 75
15 (n = 2) - - - - - 100
16 (n = 2) - - - - 100 -
17 (n = 1) - - - - - 100
18 (n = 1) - - 100 - - -

1 = Filtration-membrane; 2 = Separation-constructed/natural wetland; 3 = Coagulation/electrocoagulation;
4 = Flocculation & sedimentation; 5 = Adsorption; 6 = Magnetization; 7 = Micromachines; 8 = Superhydrophobic;
9 = Microorganism aggregation; 10 = Photocatalytic degradation; 11 = Microorganism degradation; 12 = Thermal
degradation; 13 = Oxidation ditch; 14 = Sedimentation; 15 = Mechanical manual removal; 16 = Agglomeration;
17 = Sand filtration column; 18 = Laundry technology.

The results described above confirm that filtration technologies such as UF, sand filtra-
tion and granular filtration are the most popular choices—no doubt related to their effective,
economic and energy-efficient application in WWTPs of different sizes [53,192]. In most
cases in the articles reviewed here, the WWTP-related studies employed membrane biore-
actor technologies, which is not surprising since membrane bioreactors have become the
most popular and most effective (usually >99% removal rate) treatment technology among
all of the biological treatment methods for MP removal [71]. Similarly, the combination
of filtration with other biological treatment methods (e.g., activated sludge process, aero-
bic digestion, anaerobic digestion, biological degradation and constructed wetlands) was
more common than combinations with chemical methods (e.g., oxidation, photo-oxidation,
photo-catalytic degradation, coagulation, Fenton, photo-Fenton and acid–alkali treatment).
Electrochemical methods such as electrocoagulation [127] and electro-Fenton processes [93]
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have added a new dimension to chemical methods to improve their efficiency but were less
frequently combined with other technologies. It was also interesting to note that pyrolysis
and co-pyrolysis technologies which were touted as promising approaches for MP removal
over the last decade based on their extra advantages of low-cost fuel production [202,203]
were virtually absent from the technology/method combinations identified in this review.

3.6. Overview of Knowledge Gaps & Recommendations Extracted from Review Articles

To supplement the results of the systematic review, the recommendations and knowl-
edge gaps were extracted from 129 review articles and subjected to thematic analysis which
showed that these could be separated into the following categories: source control, wastew-
ater and sludge treatments, bioremediation, stormwater treatment, behavior, education
and awareness, and policy and regulatory frameworks (Table 7). However, there was
sufficient overlap across categories for us to generate a set of overarching recommendations
and knowledge gaps (five each, Table 7) based on the frequency of occurrence across the
articles reviewed.

Table 7. Top five recommendations and knowledge gaps on management interventions for control-
ling MP pollution in freshwater bodies, ranked in descending frequency (F) of occurrence across
129 review articles published between 2012 and 2023 [1,3,11,14–16,18–20,25–27,36,38,41,43,45,47–
56,189,192–200,204–296].

Rank Knowledge Gaps
F

(n = 129)
Citations

1
Data on sources, diversity, transport and

fates of MPs, particularly within
developing countries.

30
[3,20,27,45,49,56,189,198,205,206,209,
215,218,219,223,226,234,235,238–240,
244,248,277,278,280,282,286,290,292]

2
Exposure pathways and

biological/toxicological effects of MPs for
humans and environments.

24
[14,15,20,26,49,51,213,215,218,220,222,
224,229,231,237,242,278,284,285,289,

290,292–294]

3 Standardized MP analytical methods:
Quantification and characterization. 24

[15,16,18,37,41,189,193,199,211,214,
219,220,222,227,233,246,254,255,264,

274,280,283,289,293]

4 MP weathering, degradation and
removal (e.g., via biodegradation). 12 [1,49,50,53,195,196,246,247,262,266,

272,274]

5 Abilities of MP to interact with and
eventually release associated pollutants. 7 [3,197,217,221,225,226,252]

Recommendations

1
Develop standardized detection and

analytical methods to study and
monitor MPs.

37

[14,26,27,49,50,56,189,192,197,199,
204–206,208,209,215,225–

227,234,235,239,240,242–244,251,252,
255,256,268,282,284,288,294–296]

2

Conduct more research on sources,
transport pathways, fates, trophic
interactions, toxicity, removal (e.g.,

biodegradation, electrocoagulation) and
ecological impacts of MPs.

28
[16,25,36,47,49,52,53,189,205–

207,209,212,216–
223,226,231,238,239,243,258,295]

3

Implement comprehensive
policies/legislation/regulations at local,

national and international levels to
prevent or remove MPs, and foster

research collaboration and cooperation.

24 [14–16,18,41,193,216,219,224,227,229,
230,232–234,242,277–279,290–294]
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Table 7. Cont.

Rank Knowledge Gaps
F

(n = 129)
Citations

4
Conduct extensive public education,

training and awareness programs on MP
pollution mitigation.

16 [18,51,204,223,229,231,233,242,244,
245,267,279,282,283,285,292]

5

Optimize secondary and tertiary MP
treatments (e.g., with membrane

bioreactors) at wastewater/sludge
treatment plants.

12 [11,51,53,195,200,237,248,251,252,255,
257,258]

In terms of knowledge gaps, it appears that the application and efficacy of inter-
ventions could benefit from increased availability of data on sources, diversity, transport
and fates of MPs, particularly within developing countries. Fit-for-purpose interventions
could also be designed if exposure pathways and biological/toxicological effects of MPs
for humans and environments are better characterized. In general, interventions need
to be informed by/based on more robust and standardized MP analytical methods (for
quantification and characterization). Management interventions appear to be hampered by
insufficient knowledge of MP weathering, degradation, removal (e.g., via biodegradation)
and the abilities of MPs to act as vectors of other pollutants.

Based on the 129 review articles included in the analysis, the major recommendations
largely speak to the knowledge gaps identified in that they call for the development of
standardized detection and analytical methods to study and monitor MPs and generate
more data on sources, transport pathways, fate, trophic interactions, toxicity, removal (e.g.,
biodegradation, electrocoagulation) and ecological impacts of MPs. Additionally, the risks
posed by WWTPs need to be addressed by optimizing or improving secondary and trtiary
(e.g., with membrane bioreactors) MP treatments at wastewater/sludge treatment plants.
Importantly, the recommendations do speak to the need to bring about behavioral change
for reduced plastic use, improved plastic waste management and mitigation of MP pollution
through the implementation of comprehensive policies/legislation/regulations, research
collaboration and cooperation, and extensive public education, training and awareness
raising (Table 7).

4. Concluding Remarks & Recommendations

To protect freshwater bodies from MP pollution, we must seek to develop and im-
plement fit-for-purpose interventions. This can best be achieved by an evidence-based
approach toward intervention design, selection and implementation. Irrespective of the
intervention(s) selected, they must strike the balance between resource availability and
environmental sensitivity. On this note, lab-based studies aimed at developing manage-
ment interventions need to be more environmentally relevant and focus on treatment
technologies that can be taken to scale in both the developed and developing world. Highly
effective technologies used for the removal of MPs at wastewater/sludge treatment plants
such as UF are a case in point; these must be made more accessible and affordable to
developing countries [10].

To better protect freshwater bodies from MP pollution, we must increase awareness
around the fact that ecosystems and human systems are connected within a catchment
(though not always at the primary level), which implies that what happens in one compart-
ment in terms of MP pollution can have knock-on effects on others. These knock-on effects
can be accommodated when management interventions for MP pollution are planned and
implemented at the catchment scale using participatory approaches such as catchment
management forums.

Reducing the discharge of MPs from WWTPs into freshwater systems represents an
immediate priority. Though wastewater, and, by implication, the MPs that cannot be
removed, may be transferred to marine environments by deep sea discharge, it is now
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well-established in the literature that WWTPs represent the dominant discharge pathway
of MPs into freshwater environments [56,151,193,239]. In fact, Wang et al. [239] reported
that 85% of the studies they reviewed on discharge pathways into freshwater ecosystems
involved discharge from WWTPs.

New interventions are constantly being developed and refined under laboratory con-
ditions but their scalability and suitability across different settings are uncertain. For
improved efficacy, the application of these interventions must also be strategically tai-
lored to local hydrogeological and climatic conditions. Downstream interventions are
not sustainable without effective upstream interventions. Though in situ methods are
technically achievable, they may not be feasible in resource-limited settings. On this note,
although it did not emerge as part of the findings of this study, cost-benefit comparisons of
the different types of interventions reviewed here represent a major knowledge gap that
should be addressed in future studies. These types of analyses are a major consideration,
and, in resource-limited settings, perhaps the basis, for management decisions related to
pollution control.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16010176/s1, Supplementary File S1: Meta-data on interventions
applied to freshwater bodies extracted from 124 articles included in the systematic review.
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Appendix A Search Strategies

Google Scholar
Limits: None
Microplastic* AND (freshwater OR river* OR wetland* OR estuar* OR catchment*

OR drainage OR basin* OR reservoir* OR stream*) AND (intervention* OR manage* OR
mitigation OR *remediation OR reduction OR treatment OR removal OR regulation* OR
law* OR polic*)

Web of Science Core Collection (Clarivate Analytics)
Limits: 2012–2023
(microplastic* OR microbead*) AND (freshwater OR river* OR wetland* OR estuar*

OR catchment* OR drainage OR basin* OR reservoir* OR stream* OR lake* OR pond* OR
“inland water bod*” OR dam OR bay* OR lagoon*) AND (intervention* OR manage* OR
mitigation OR *remediation OR reduction* OR treat* OR removal OR regulation* OR law*
OR policy OR policies OR “land use” OR prevent*)

Scopus
Limits: 2012–2023
(TITLE-ABS-KEY ((microplastic* OR microbead*)) AND TITLE-ABS-KEY ((freshwater

OR river* OR wetland* OR estuar* OR catchment* OR drainage OR basin* OR reservoir*
OR stream* OR lake* OR pond* OR “inland water bod*” OR dam OR bay* OR lagoon*))
AND TITLE-ABS-KEY ((intervention* OR manage* OR mitigation OR *remediation OR
reduction* OR treat* OR removal OR regulation* OR law* OR policy OR policies OR “land
use” OR prevent*))) AND PUBYEAR > 2011 AND PUBYEAR < 2024

Dissertations and Theses Global (ProQuest) and Environmental Science (ProQuest)
Limits: 2012–2023
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noft ((microplastic* OR microbead*)) AND noft ((freshwater OR river* OR wetland*
OR estuar* OR catchment* OR drainage OR basin* OR reservoir* OR stream* OR lake* OR
pond* OR “inland water bod*” OR dam OR bay* OR lagoon*)) AND noft ((intervention*
OR manage* OR mitigation OR remediation OR reduction* OR treat* OR removal OR
regulation* OR law* OR policy OR policies OR “land use” OR prevent*))
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Abstract: Contamination of aquatic ecosystems by microplastics (MPs) is mainly due to the release of
high levels of MP particles from treated effluents by wastewater treatment plants (WWTPs). Due
to the lack of policies and regulations establishing criteria for the control and elimination of MPs
from WWTP effluents, this research evaluates the presence of 38 and 150 μm MPs in influents and
effluents from three WWTPs in the port of Acapulco, Mexico. Optical microscopy and Fourier trans-
form infrared spectroscopy revealed that the MPs were polyethylene, polypropylene, polyethylene
terephthalate, and polyvinyl chloride. MP removal efficiencies of 82.5–98.7% (38 μm) and 86.8–97.5%
(150 μm) were achieved. Moreover, the MP average daily emissions to the receiving bodies of the
three WWTPs ranged from 9.5 × 106 to 4.70 × 108 particles, while the annual emissions ranged from
3.05 × 109 to 1.72 × 1011 particles. This work reveals the urgency of implementing regulatory policies
to avoid the continuous emission of MPs into aquatic ecosystems from WWTPs in Acapulco, Mexico.

Keywords: microplastics; removal; contamination; FTIR; regulatory standards; tourist city

1. Introduction

Approximately 6.3 billion metric tons of plastics are consumed worldwide each year,
ultimately discarded into the environment, with a high potential to generate large amounts
of microplastics (MPs) [1,2]. MPs have different morphologies and polymeric compositions
and range in size from 5 mm to the nanometric scale. MPs originate from industrial produc-
tion (primary MPs) or the fragmentation of larger plastic waste (secondary MPs) [3]. Indeed,
they have been identified in soil, air, and water, with those composed of polypropylene
(PP), polyethylene (PE), polyethylene terephthalate (PET), and polyvinyl chloride (PVC)
being the most common [4]. These MPs constitute emerging pollutants as they have not
yet been incorporated into regulatory environmental standards. However, due to their
multidimensional nature, they pose a potential risk to the health of aquatic and terrestrial
ecosystems as all living organisms are exposed to them [5,6]. Recent sex-based estimates
revealed that girls, women, boys, and men consume or inhale 74,060, 98,305, 81,331, and
121,664 MP particles each year, respectively [7]. Additionally, MPs have been identified in
the human placenta, feces, intestinal tract, and blood [8–11]. Meanwhile, PET reportedly
alters the intestinal fauna and affects the genomic stability of human lymphocytes [10,11].

Due to the complexity and polymeric diversity of MPs, standardized protocols have
yet to be established to precisely and accurately determine their accurate concentration in
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aquatic and terrestrial ecosystems. Meanwhile, their emissions and transfer greatly hinder
the implementation of policies and regulations regarding the maximum permissible limits
to control and eliminate MPs in the environment [12]. Nevertheless, recent research has
adopted various protocols to sample, treat, quantify, and identify MPs. The most widely
used analytical techniques for their identification include optical microscopy, Fourier
transform infrared (FTIR) spectroscopy, Raman spectroscopy, and Pyr/GC/MS [13]. In
particular, FTIR is the most commonly employed technique for identifying MPs originating
from wastewater treatment plants (WWTPs) [14]. For example, FTIR spectroscopy coupled
with optical microscopy can determine the polymeric composition of ≥20 μm MPs [12].

According to the physicochemical characteristics of wastewater (municipal or indus-
trial), different types of WWTPs (secondary or tertiary) eliminate pollutants according to
the policies and regulatory criteria of each country for their control and removal [15]. The re-
moval efficiencies of MPs in WWTPs (secondary and tertiary) are approximately 90 to 98%.
Nonetheless, the treated effluents continue to carry MPs that are transferred to the receiving
bodies. Accordingly, WWTP discharge is considered an emission and exposure source
for MPs to aquatic and terrestrial ecosystems [16–23]. However, the current standards
that establish the quality criteria applied to treated wastewater do not include MPs within
their reference framework; hence, MPs continue to contaminate aquatic and terrestrial
ecosystems. Regarding Mexico, the official Mexican standards (NOM-001-SEMARNAT-
2021; NOM-002-SEMARNAT-1996; NOM-SEMARNAT-1997) do not consider MPs within
their regulatory framework. Instead, only the maximum permissible limits are established
regarding the quality of discharge from WWTPs with effluents destined for aquatic and
terrestrial receiving bodies [24–27].

Due to the lack of standards to regulate and establish maximum permissible limits
in Mexico, the current study sought to assess the levels of MPs in WWTP emissions and
the associated pollution of the environment in Mexico. To this end, we applied optical
microscopy and FTIR spectroscopy to detect, quantify, and characterize MPs (150–38 μm)
in wastewater and wastewater treated in three urban secondary WWTPs in Acapulco.
Moreover, we estimated the removal percentages for these pollutants based on the MP
concentrations in the influents and effluents of each WWTP to project their daily and annual
emissions to receiving bodies. Collectively, the results of this study provide insights for
the development of technical and methodological criteria to create policies and regulatory
norms to eliminate MPs from effluents and mitigate future damage to the environment.

2. Materials and Methods

2.1. WWTP Evaluation

Sampling was carried out at three WWTPs in Acapulco (16◦51′46′′ N 99◦53′13′′ W),
Guerrero (17◦36′47′′ N 99◦57′00′′ W), Mexico (19◦25′10′′ N 99◦08′44′′ W) (Figure 1). These
WWTPs are operated by the para-municipal body; their purification systems comprise acti-
vated sludge (secondary treatment). WWTP A (16◦48′04′′ N 99◦48′03′′ W) is in the eastern
part of the city with an operating capacity of 23 L/s for a population of 10,948 inhabitants;
the receiving body is the Tres Palos lagoon. WWTP B (16◦53′03′′ N 99◦49′12′′ W) is
in the suburban area of the city with a 350 L/s operating capacity for a population of
166,600 inhabitants; its effluents are discharged into the Sabana River—a tributary of the
Tres Palos lagoon. WWTP C (16◦51′34′′ N 99◦54′30′′ W) is in the western part of the city and
has an operating capacity of 650 L/s for a population of 309,400 inhabitants; its effluents
are discharged into the sea through Olvidada beach.

Influent and effluent samples from the three WWTPs were collected via point sampling
during June and July (dry season) and October and November (rainy season) of 2022. The
influent samples (4 L each) were collected from the intake pit at the WWTP after screening.
Effluent samples (20 L each) were collected at the WWTP outlet. After collection, the
samples were transported to the laboratory and stored at 15 ◦C.
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Figure 1. WWTP monitored locations for this study: WWTP (A) 23 L/s; WWTP (B) 350 L/s, and
WWTP (C) 650 L/s.

2.2. MP Separation

MPs were separated from influents and effluents based on the methodologies re-
ported by the National Oceanic and Atmospheric Administration (NOAA) and other
researchers [18,28–33]. Influent samples were successively passed through mesh with
300 μm (to retain the larger solids), 150 μm, and 38 μm pores. The sieves were rinsed with
distilled water to remove MP particles and deposit them in a beaker. MPs were dried in
an oven at ±80 ◦C for 12 h and digested by adding 30 mL of 30% H2O2 and incubating
at 60 ◦C for 2 h. To influent samples, 30 mL of H2O2 was added and incubated for 2 h to
improve the digestion of organic matter. Once digestion was complete, the solutions were
cooled to room temperature. Subsequently, density-based separation was carried out by
adding 60 mL of ZnCl2 (1.62 g/cm3) to the samples in separation funnels, allowing them
to settle for 12 h. Under vacuum, the supernatant was passed through 47-mm glass fiber
filters that were later placed in Petri dishes for MP counting and identification.

2.3. Quality Control

Cotton lab coats, gloves, and face masks were used to avoid cross-contamination. Prior
to sample processing, all areas of the laboratory were cleaned using distilled water and
30% (v/v) ethanol. All reagents were vacuum filtered through Whatman® filters (grade 41,
125 diameter). Blanks (distilled water) were collected and analyzed according to the same
protocol used for the influent and effluent samples.

To assess the atmospheric quality of the laboratory, open Petri dishes with Whatman®

filter paper (grade 41, 125 in diameter) were placed on laboratory surfaces throughout the
experimental process. Subsequently, the exposed discs were analyzed by light microscopy.
Additionally, commercial PVC, PE, PET, and PP plastics were included as references to
determine the composition of the MPs within the influents and effluents of the WWTPs.
The glass microfiber filter used during sample filtration was analyzed by FTIR to rule out
interference in the spectra.

2.4. MP Characterization

MP characterization was carried out based on the classification criteria proposed
by Hidalgo-Ruz et al. [5], which considers color and morphology. MPs were quantified
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and identified using a SWIFT® M10 Series optical microscope with 4X and 40X objectives.
Infrared spectra of the MPs were recorded at room temperature in a Perkin-Elmer Spectrum
100FT-IR (ATR) spectrometer with a 4 cm−1 resolution and were averaged over 4 scans in
the 4000–650 cm−1 range.

2.5. Daily and Annual Projections of Removal Efficiencies

Removal efficiencies were calculated based on the MP abundance in the influents
and effluents, according to the method described by Talvitie et al. [34]. Additionally, the
daily and annual projections of MP release to the receiving bodies were determined by
multiplying the MP concentration in effluents (MP/L) by the average daily operating flow
in each WWTP (L/day). Annual concentrations were determined by multiplying the total
daily MP quantities by 365 [20].

2.6. Statistical Analysis

One factor analysis of variance (ANOVA) was performed to compare the three WWTPs
with respect to their MP removal efficiency. A p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. MP Detection

Optical microscopy of the influents and effluents collected from the three WWTPs,
revealed 38–150 μm MPs (Figure 2).

The MPs detected in the secondary treatment WWTPs were similar in morphology to
those previously reported but of different sizes [17–21,35–37]. MPs from 10 to 1000 μm [31],
20 to ≥500 μm [38], 43 to 355 μm [13], 10 to 5000 μm [19], 20 to 200 μm [20], and 20
to ≥300 μm [33] have been reported. Regarding WWTPs with tertiary treatment sys-
tems [29,34], the MP morphology and appearance were similar to those in the current
study. Therefore, unitary wastewater treatment systems do not affect the appearance or
morphology of MPs in influents and effluents.

  

  

Figure 2. Cont.
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Figure 2. MP filaments in influents (a,b) and effluents (c,d); MP fragments in influents (e,f) and
effluents (g,h). 150 μm size (a,c,e,g) and 38 μm (b,d,f,h).

3.2. MP Physical Characterization
3.2.1. MP Color

The MPs detected in a four-month sampling period from WWTP influents and effluents
were diverse colors according to the classification of Hidalgo-Ruz et al. [5] (Figure 3).

 

Figure 3. Cont.
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Figure 3. Average percentage distribution of MPs according their colors identified in influents (a) and
effluents (b) in the three study WWTPs. Red MPs were more abundant in the influent than the
effluent; blue MPs were more abundant in the effluent.

In the influents, black MPs were the most abundant in WWTP A (28.1%) and B (29.9%),
while in WWTP C, red MPs were the most abundant (33.7%). Conversely, blue MPs
predominated all effluents (WWTP A: 49%, WWTPs B and C: 38%), followed by red and
purple MP. Meanwhile, the proportion of transparent plastics in the influents of WWTP
A, B, and C was 6, 4, and 7%, respectively (Figure 4). Hence, black MPs predominated
the influents, followed by transparent and blue [18]. In Scotland, red MPs were the most
abundant (26.7%), followed by blue (25.4%) and green (19.1%) [20]. In China, white PMs
represent 27.3% of the quantified plastics [13]. It should be noted that different MP colors
are due to additives used to alter the plastic pigmentation [39]. Since chemical additives
in polymers, such as PE, PVC, and PA, can be toxic, MPs pose an environmental risk.
However, this toxicity is often due not only to the presence of these polymers but also to
the leachates from their additives [40]. For example, the blue coloration in plastics may
be due to the use of cobalt (II) diacetate (C4H6CoO4) in PET; to achieve red pigmentation,
various additives are used, including cadmium selenide (CdSe), lead sulfate (PbSO4) and
lead molybdate (PbMoO4), which are applied to various plastics [41]. Indeed, the chemical
production of additives is constantly increasing, with an estimated 20,000 million tons of
plastics containing additives produced by 2050 [22]. Accordingly, aquatic and terrestrial
ecosystems will continue to be exposed to constant MP emissions and other associated
pollutants (heavy metals) if adequate regulations for using additives in the plastic industry
are not implemented.

The abundance of MPs of different colors in the influents and effluents of the analyzed
WWTPs reflects the complexity of these polymers that, when transferred to hydrological
bodies, pose potential risks to environmental health. Meanwhile, the lack of regulatory poli-
cies and standards does not prevent the deliberate emission of MPs, which is a potentially
greater threat to the health of ecosystems. Furthermore, not only can the degree of toxicity
be attributable to MPs, but their association with chemical additives and heavy metals can
represent a toxicological danger [41]. Accordingly, the implementation of regulatory norms
should consider the coloration of MPs as an additional criterion for evaluating the quality
of the treated effluents discharged into aquatic and terrestrial ecosystems.
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Figure 4. Average percentage distribution of MPs according to their morphology identified in the
(a) influents and (b) effluents of the three study WWTPs.

In Mexico, there are currently no standards or criteria that regulate the manufacture
of plastics and the use of additives, which has a considerable impact on the generation of
MPs and their emission and transfer to the environment. Instead, regulations only exist
that identify plastic types to guide their selection, separation, collection, and recycling [42].

3.2.2. MP Morphology

Various MP forms were detected in the influents and effluents of the three WWTPs,
with the fragment-type morphology being the most abundant, followed by filaments
(Figure 4). There were no differences between the three WWTPs regarding MP morpholog-
ical distribution in the treated effluents (one factor ANOVA, F = 0.11, p > 0.05) (Table 1).
Therefore, it can be deduced that the MPs entering the three WWTPs and those subsequently
released to the receiving bodies present similar morphological characteristics.
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Table 1. One factor ANOVA (p < 0.05) of the morphology of MPs in the effluents of three WWTPs.

Group Count Sum Average Variance

WWPT A 6 564.77 94.13 13,993.38
WWPT B 6 736.8 122.80 26,269.83
WWPT C 6 538.04 89.67 13,066.88

ANOVA

Source of Variation SS df MS F p value F crit

Between Groups 3878.58 2 1939.29 0.11 0.90 3.68
Within Groups 266,650.44 15 17,776.70
Total 270,529.01 17

In contrast, other studies have reported higher proportions of filaments [18,21,29,43],
granules [13], fragments [30], and scales [20]. The morphological classification of MPs
informs their degradation mechanism and possible mechanisms of transfer and cellular
absorption in organisms of the trophic chain. In this sense, MPs have been defined as vectors
of other contaminants and pathogenic microorganisms. Therefore, their morphology offers
information on the potential risks of transporting more dangerous pollutants, such as the
chemical additives discussed in the previous section.

From the data obtained in this study, it can be deduced that most MPs that enter
and leave the WWTPs are secondary; however, significant amounts of filaments have also
been detected, suggesting the presence of many primary MPs. Similarly, fragments are
the most abundant MP in secondary treatment WWTPs in Korea [44]. MP morphological
characterization also provides insights regarding the changes they undergo in their shape
and size during purification processes [45]. This informs the establishment of maximum
permissible limits of control and the development of technologies and complementary
unit operations (tertiary treatment) to be incorporated into current systems in accordance
with the morphological typification to effectively eliminate these pollutants from the
treated effluents [44,46–48]. Countries such as China, Kenya, and the European Union
have implemented standards and public policies to reduce plastic pollutant generation.
Moreover, in 2020 international agreements were established to reduce single-use plastic
products and packaging by up to 20% by 2025 [5]. Despite these measures, there is an
urgency to incorporate and establish criteria for MP evaluation and control in effluents
treated at WWTPs.

The diverse sizes, colors, and shapes of the MPs destined for various receiving bodies
can have different impacts on living organisms [5]. Moreover, the additives used during
plastic manufacturing add another pollutant factor to the MPs. Hence, the characterization
and classification of these chemical compounds will provide basic theoretical insights to
inform the development of regulatory standards [16].

3.3. MP Characterization by FTIR

In the influent and effluent samples, FTIR analysis detected four types of polymers:
PVC, PE, PET, and PP (Figure 5). To verify their identification, the spectra were compared
with the reference spectra of conventional polymers.

The functional groups were compared according to the different characteristic vibra-
tion signals in the spectra from the MPs and reference samples (Table 2). Based on these
results, PET, PE, PP, and PVC were the most frequently detected polymers in the influents
and effluents of the three WWTPs (Figure 5). Notably, the signals corresponding to the
glass fiber paper used to filter the samples did not interfere with the vibration signals of
the MP spectra (Figure 5).
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Figure 5. FTIR spectra of MP obtained in the samples of the study WWTPs.

Table 2. Wavenumber and functional groups detected in the FTIR spectra of the three WWTPs in Acapulco.

Functional Group OH
CH2

(Stretch)
CH C=O

CH2

(Scissor)
C-O-C C-O

CH2

(Rock)

Wavenumber
(cm−1) 3020 2900 2800 1713 1448 1247 1084 728

PET PET PET PET PET PET PET -
- PVC PVC - PVC - - -
- PP PP - PP - - PP
- PE - - PE - - PE

Similar to our results, others have also reported the four polymers (PET, PVC, PP,
and PE) as the most abundant [18–20,37,38,49–53]. However, additionally, other studies
have detected the presence of polyurethane (PU), polyphenylene oxide (PPO), nylon (PA),
phenolic epoxide (PER), polyacrylonitrile (PAN), and polyvinyl alcohol (PVA), among
others [18]. The detection of other MPs in different WWTPs across the world depends on
the particular plastic-type consumption in each country and city. Moreover, the source
of wastewater that enters the WWTPs, for instance those originating from a combination
of industrial and domestic waste, contains more types of polymers in domestic use dis-
charge [19,29]. One limitation of this work is that the samples obtained (by sieve sizes)
and analyzed (equipment used) were only 38 and 150 μm; thus, other polymers may have
been present in different particle size fractions. Additionally, the WWTPs analyzed in this
research receive only domestic wastewater; thus, when comparing the results with similar
WWTPs, consistencies are observed in the identified polymers. For example, in WWTPs in
Colombia, low-density polyethylene (LDPE), PP, PET, and PS were reported [31]. In another
similar case, the MPs identified in a WWTP in a Chinese province comprised primarily PP,
PE, PS, and PET [50]; however, unlike this study, neither previous study reported PVC, and
both identified PS.

Furthermore, the type of discharge (industrial, domestic, or mixed) can determine the
predominance of PMs in influents and effluents [32]. Plastics, such as those detected in
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this study, are the basis for establishing mid- and long-term classification criteria on the
types of discharge that enter the WWTPs and their discharge to the receiving bodies in
cities with a tourist vocation. Therefore, considering only the chemical characterization of
MPs is insufficient as it is necessary also to quantify the number of particles that enter and
leave the WWTPs to determine the associated removal percentages and, thus, objectively
evaluate the operating conditions and emission of MPs whose permanent destination is
receiving bodies [34].

3.4. MP Concentration and Removal Efficiencies

The MP particles in influents and effluents from the three WWTPs presented different
amounts and removal percentages concerning the sampling months (Table 3). Removal
efficiency from monthly sampling was calculated for each MP particle size (38 μm and
150 μm). The obtained MP removal efficiencies for the WWTPs in Acapulco were similar
to other investigations of secondary treatment systems. For example, in Italy, 95% of
MPs were removed by WWTPs [18,30], while in China, 79.33–84% [18], in Colombia,
93.2–94.19% [31], in Canada, 99% [43] and in Scotland, 98% [20] was achieved. Hence, only
the influents and effluents were analyzed for the three WWTPs, while the retained MPs
were presumed to be in the sludge of the secondary clarifiers following biological treatment.
According to different studies, most retained MPs are detected in biological sludge, so
it is considered that the largest amount of MPs is intercepted in primary and secondary
sludge [13,18,30,35–37,44,53–55]. Therefore, secondary treatment systems for biological
sludge retain and concentrate most MPs in the primary and secondary sedimentation.

Temporality is a factor that influences the concentration, distribution, and removal
of MPs in WWTPs [45,56]. However, these studies did not specify whether rainwater can
affect the removal efficiency of MPs during treatment. According to the data obtained in
this study, weather conditions are a variable factor impacting MP entry and emission. Thus,
during the rainy season, the entry of MPs to the WWTPs increased, decreasing the removal
efficiencies of the three WWTPs. The samples collected in June (dry season) presented
the highest removal efficiencies (98.7%), while in November (rainy season), the lowest
removal efficiencies were obtained (82.5%). This difference is due to the pluvial currents
interfering with the influents during the rainy seasons; it is inferred that they significantly
influence the transfer, transport, and emission of MPs from WWTPs due to the connection
of the pluvial channels with the network plumbing in Acapulco. Considering the ANOVA
results (p < 0.05), there were significant variations in MP concentrations between the dry
and rainy months in influents and effluents (Table 4) (F calculated > F critical). Similarly, in
Korea, higher concentrations of MP were reported in the treated effluents from a WWTP
during the rainy season than in the dry season [56]. In contrast, in WWTPs in China,
the MP concentrations and removal efficiencies were higher in dry seasons than in rainy
seasons [45]. We posit that factors such as exposure of urban solid waste to the elements in
storm channels and hydro-sanitary operating conditions contribute to the increase in MPs
in urban wastewater treatment systems.
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Table 4. One factor ANOVA (p < 0.05) according to the temporality in influents (a) and effluents (b)
of three WWTPs in Acapulco, Gro. Mex.

(a)

Influent

Group Count Sum Average Variance

June (dry season) 3 277.58 92.53 178.11
July (dry season) 3 437.50 145.83 321.10
October (rainy season) 3 723.09 241.03 497.15
November (rainy season) 3 912.92 304.31 221.56

ANOVA

Source of Variation SS df MS F p value F crit

Between Groups 80,944.31 3 26,981.44 88.61 1.8 × 10−6 4.07
Within Groups 2435.85 8 304.48

Total 83,380.16 11

(b)

Effluent

Group Count Sum Average Variance

June (dry season) 3 6.41 2.14 0.36
July (dry season) 3 12.82 4.27 0.65
October (rainy season) 3 54.67 18.22 14.60
November (rainy season) 3 110.81 36.94 91.59

ANOVA

Source of Variation SS df MS F p value F crit

Between Groups 2314.55 3 771.52 28.79 0.0001 4.07
Within Groups 214.37 8 26.80

Total 2528.93 11

Notes: Dry season: June and July; rainy season: October and November.

Similar MP removal percentages were obtained among the WWTPs in Acapulco:
WWTP (A), 93.6%; WWTP (B), 93.06%; WWTP (C), 93.91%. One factor ANOVA (p > 0.05)
further revealed that there were no significant differences in the MP purification processes
(Table 5); hence, the three WWTPs presented similarities in MP elimination for secondary
treatment systems.

It has been documented that WWTPs with tertiary treatment systems have higher re-
moval percentages than primary and secondary systems, reaching approximately 99.9% [32,46].
This is an alternative to reduce MP concentrations in treated effluents further. As the
WWTPs analyzed in Acapulco do not present tertiary treatment, it is suggested to consider
incorporating advanced systems to purify MP in the treated effluents before they are sent
to the receiving bodies.

In this sense, complementary technological alternatives can be implemented to purify
treated effluents. For example, in effluent treatments treated by sand filtration, 99.2−99.4%
removal percentages were obtained [47], and 89.7% was achieved using disk filters [48].
Meanwhile, in Germany, an advanced oxidation system has been developed in a pilot
plant coupled to a municipal WWTP induced by organosilanes in parallel to a filtration
system using granular activated carbon; they obtained 60.9% MP removal [57]. In China,
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the application of biofilters resulted in MP removal percentages of 79% and 89% by mass
from treated effluents [58].

Table 5. One factor ANOVA (p < 0.05) according to the removal efficiencies of three WWTPs in
Acapulco, Gro., Mex.

Effluent

Group Count Sum Average Variance

WWTP A 4 56.49 14.12 217.32
WWTP B 4 75.02 18.76 433.26
WWTP C 4 53.20 13.30 169.34

ANOVA

Source of Variation SS df MS F p value F crit

Between Groups 69.19 2 34.60 0.13 0.88 4.26
Within Groups 2459.74 9 273.30
Total 2528.93 11

The secondary treatment systems in the three Acapulco WWTPs present high MP
removal rates; however, significant amounts of MP continue to be released into water
bodies [33]. It is, therefore, necessary to implement regulatory norms and policies that
establish technical criteria to increase the removal of MPs and prevent their entry into
aquatic ecosystems. Hence, it is important to extrapolate the values obtained in this
study concerning the capacities of WWTP operation to determine the daily and annual
concentrations of MPs that will enter the aquatic environments (rivers, coastal lagoons,
wetlands, and sea).

3.5. Daily and Annual MP Emission Projections

The average MP concentrations during the four-month study (Figure 6) reveal that
the effluents from WWTP B presented higher concentrations of MPs (Figure 6a). The three
WWTPs released a greater quantity of 38 μm MP particles. According to the operating
capacity, WWTP C released the most MPs per day to hydrological bodies with values of
2.77 × 108 (150 μm) and 4.70 × 108 (38 μm) particles (Figure 6b). For example, contrasting
the treatment systems in similar works, the approximate daily emission in Scotland was
65 × 106 particles [20]. In Italy, the emissions from one of its largest WWTPs (for a pop-
ulation serving 1,200,000 inhabitants) was 160 × 106 PM per day [19], while the average
emission per WWTP in China amounts to 650 × 106 PM per day [13].

Regarding other studies carried out in tertiary treatment systems, average MP emis-
sions of 2.2 × 107 particles/day have been recorded [29]. In Spain, the estimate of MPs re-
leased according to the particular conditions of the evaluated WWTPs was 1.6 × 107/day [4].
The daily projections of the three WWTPs in the current study indicate that their secondary
treatment systems require other complementary technologies to reduce the MP concentra-
tions in their effluents and prevent their spread to different receiving bodies.

In Acapulco, as the largest studied WWTP (650 L/s), WWTP C had the highest
projected annual MP emission value (Figure 6c). However, these values were estimated
based on the concentrations of MPs obtained from specific samplings, so that the annual
concentration may present significant variations estimates based on composite samplings.
Despite this limitation, the values obtained demonstrate the MP contamination of municipal
WWTPs in Mexico, specifically in a tourist city.

Despite the various works on the presence of MPs in WWTPs, several have not
reported annual projections [8,18,21,29–32,44,46,53,54,59]. However, in others that in-
cluded projections, the annual MP emissions from WWTPs were ~0.3 × 109 particles [44],
9 × 107 and 4 × 109 particles [38] and 1.56 × 1014 particles [36]. The data obtained in
the current study are within these other estimated values. Hence, it can be deduced that
the issue of removing MPs in WWTPs is a global problem requiring the establishment of
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regulatory standards and protocols to standardize sampling and laboratory analysis to
reduce the emission of MP particles and subsequent environmental degradation caused by
the emerging pollutants [60–62].

 

Figure 6. MP average concentrations per liter (a), daily projections (b), annual projections (c) for 150
and 38 μm particles of three WWTPs in Acapulco, Gro. Mex.

4. Conclusions

MPs were detected and characterized in three secondary-type municipal wastewa-
ter treatment plants in Acapulco, Mexico, that were monitored for four months in 2022.
Regarding polymeric particle diversity according to their pigmentation, black was the
most abundant in the influents and red in the effluents. Hence, the MP coloring must be
considered in the regulatory criteria as an indicator of other associated pollutants, such as
heavy metals within additives used in the plastic industry, that represent a serious threat to
living organisms, including humans.
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The diversity of sizes and shapes in MPs represents a challenge for developing stan-
dardized analytical methodologies due to the multidimensional nature of these polymeric
particles. Therefore, it is suggested to carry out studies in other size ranges to expand the
knowledge on MPs’ qualitative and quantitative composition. Additionally, standardized
analytical protocols, policies, and regulatory standards must be developed in the immediate
future, and complementary technologies must be designed and implemented in the current
wastewater treatment systems in Acapulco to retain and eliminate MPs in their different
dimensions effectively.

This study shows the role of WWTPs in the retention and elimination of MPs, given the
alarming global issue regarding plastic use and degradation, which are considered emerging
pollutants. Within this context and the current lack of regulations and policies related to small
particle plastic (e.g., MP) degradation in Mexico, the results of this study demonstrate the
prevalence of MPs in three secondary municipal WWTPs in Acapulco, Mexico.

The results also indicate high MP removal efficiency by the three WWTPs; however,
the effluents contain considerable amounts of MPs continuously released to receiving
bodies. In this sense, temporality is a factor that influences MP quantity and removal.
During rainy months, the highest MP load and lowest removal efficiencies were detected.
However, the removal percentages only considered 150 and 38 μm particles and were, thus,
only based on this size parameter. Hence, the removal efficiencies for other MP sizes may
differ. Accordingly, it is suggested to incorporate finer meshes than those used in this study
in future research. The annual MP load estimates indicate that aquatic ecosystems are
highly exposed to the inappropriate use, consumption, and disposal of plastics. Moreover,
there is a general lack of knowledge regarding the degradation of plastics to smaller
sizes, such as MPs. Hence, the implementation of regulatory policies and standards must
be promoted.

To date, no official Mexican standards establish maximum permissible limits for MPs
in treated effluents discharged to receiving bodies. Based on the results of this study,
it is recommended to continue advancing with work in other WWTPs at the local and
national levels to incorporate MPs into the national agenda to update current regulations
and policies in the medium term.
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Abstract: Microplastic pollution poses a threat to human health. It is possible that the increase
in the incidence of inflammatory bowel disease is associated with exposure to microplastics. We
investigated the effect of the consumption of polystyrene microparticles with a diameter of 5 μm at a
dose of 2.3 mg/kg/day for 6 weeks on morphological changes in the colons of healthy male C57BL/6
mice and of mice with acute colitis induced by a 1% dextran sulfate sodium solution (DSS). In healthy
mice, microplastics caused an increase in the number of endocrine cells, an increase in the content of
highly sulfated mucins in goblet cells, an increase in the number of cells in the lamina propria, and a
decrease in the volume fraction of macrophages. Microplastic consumption caused more severe acute
colitis, which is characterized by a greater prevalence of ulcers and inflammation and a decrease in
the content of neutral mucins in goblet cells.

Keywords: microplastics; polystyrene; colon; colitis; dextran sulfate sodium; mice

1. Introduction

Plastic pollution is a global environmental problem. Of particular concern are small
plastic particles with a diameter of less than 5 mm—microplastics (MPs). Due to the small
size of the particles, MPs are intensively distributed in the environment via water and
wind. MPs are found all over the globe: in the air, soil, and water, in polar ice, at the depths
of the seas, and in living organisms [1–3]. In this regard, the question of the impact of
MPs on human health is pertinent. To study the toxic effects of various substances, the
pathogenesis of human diseases, and the preclinical evaluation of drugs, laboratory mice
are most often used as model organisms. Therefore, in recent years, active work has been
carried out to study the effects of MPs on the mouse organism.

It was demonstrated that orally consumed MPs accumulate in the large intestine of
mice, causing damage to the epithelial barrier of the colon and changes in the composition
of the intestinal microflora. MPs penetrate into the liver and kidneys of mice, causing
inflammatory changes in these organs, a decrease in the relative weight of the liver, dis-
turbances in carbohydrate and lipid metabolism, and oxidative stress. MPs, due to the
induction of oxidative stress and damage to mitochondria, can cause the death of car-
diomyocytes and the development of myocardial fibrosis. Moreover, MPs cause cognitive
impairment and affect the behavior of animals, impair reproductive function, and cause
disturbances in the development of offspring [1,4–11].

People consume MPs mainly via water and food, and the first target of their action
is the gastrointestinal tract [3]. It is possible that the worldwide increase in the incidence
of inflammatory bowel diseases (IBDs), including ulcerative colitis, is associated with an
increase in the number of MP particles in the environment [12]. It was demonstrated that,
in Taiwan, where the basis of people’s diet is seafood from heavily polluted waters, the
incidence of ulcerative colitis over 10 years has increased by more than 1.5 times—from
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0.61 per 100,000 people in 1998 to 0.98 per 100,000 in 2008 [13]. Z. Yan et al. (2022) found
that the concentration of MP particles in the feces of patients with IBDs is significantly
higher than that of healthy people and that there is a positive correlation between the
concentration of MPs in feces and the severity of IBDs [14].

To date, only three studies on the effect of MPs on the course of experimental colitis
have been published [15–17]. According to these studies, exposure to MPs in mice with
experimental colitis causes a more pronounced shortening of the colon, increases the
severity of structural damage and inflammation, reduces mucus secretion, increases colon
permeability and levels of pro-inflammatory cytokines in the blood serum, and exacerbates
pathological changes in the liver. However, morphological changes in the colon mucosa
during colitis against the background of MP consumption have not been studied.

Therefore, the aim of this study was to evaluate the effect of microplastic consumption
on morphological changes in the colon during experimental acute colitis.

2. Materials and Methods

The study was performed on 32 adult male C57BL/6 mice obtained from the “Stol-
bovaya” branch of the Federal State Budgetary Institution of Science’s “Scientific Center
for Biomedical Technologies of the Federal Medical and Biological Agency”, Russia. The
mice were 1.5 months old and weighed 20–24 g. The mice were kept as 8 animals per cage
in an open system at a temperature of 18–21 ◦C with natural light and had free access
to water and feed. All efforts were made to decrease suffering and possible stress for
the animals; the study was performed in accordance with Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes.

The animals were divided into 4 groups of 8 mice each (Figure 1): K—the control group,
in which, throughout the experiment, the mice received distilled water; P—the model of MP
consumption; D—the model of acute DSS colitis; PD—the model of acute DSS colitis against
the background of MP consumption. The drinking water of the animals in groups P and PD
was substituted for 6 weeks with a suspension of polystyrene (PS) microparticles of 5 μm in
diameter in distilled water at a concentration of 10 mg/L (79633, Sigma-Aldrich, St. Louis,
MO, USA). The plastic type, particle size, and slurry concentration were consistent with
previous studies [6,18]. Glass drinking vessels were used to avoid foreign plastic particles
entering the water. The average weight of the mice was 22 g, the animals drank about
5 mL of the suspension per day, respectively, and the MP dose was about 2.3 mg/kg/day.
Senathirajah K. et al. (2021) estimated that globally, on average, humans may ingest
0.1–5 g of MPs weekly through various exposure pathways, corresponding to approximately
0.2–10 mg/kg/day [19]. For the induction of acute colitis in the animals of groups D and
PD, for 5 days (from days 36 to 40 of the experiment), dextran sulfate sodium (DSS) with a
molecular weight of 40 kDa (AppliChem) was added to the drinking vessels with a final
concentration of 1%. For 5 days, each animal consumed approximately 0.25 g of DSS [20].
The animals were taken out of the experiment on the 43rd day via the method of cervical
dislocation under ether anesthesia.

 

Figure 1. Experimental design.

In DSS-induced colitis, the most pronounced morphological changes are observed
in the distal colon [20]. Therefore, the distal colon was taken. It was opened along the
mesentery, washed with phosphate-buffered saline at pH 7.4, straightened on a filter, and
fixed in 10% buffered formalin (Biovitrum, St. Petersburg, Russia) for a day. Histological
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sections were made with a thickness of 5 μm. The histological sections were stained with
hematoxylin and eosin, alcian blue at pH 1.0, and PAS reaction and immunofluorescence
staining with antibodies to macrophage marker CD68 (DF7518 Affinity Biosciences, Jhubei
City, Hsinchu County, Taiwan, dilution 1/100) and endocrine cell marker chromogranin
A (ab15160, Abcam Inc, Boston, MA, USA, 1/200). The fluorescently labeled secondary
antibodies Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™
488 (A11008, Invitrogen, Waltham, MA, USA, 1/300) were used. A morphological study
was carried out using the program ImageJ.

To assess the prevalence of ulcers and inflammation, longitudinal sections of the distal
intestine were scanned along the entire length at a magnification of 100. The total length of
the section along the lamina muscularis mucosa and the length of its sections, along which
ulcers and inflammatory infiltrates occurred, were measured. The percentage of the length
of the intestine with ulcers and inflammation was calculated.

To evaluate inflammatory infiltration, the sections stained with hematoxylin and eosin
were photographed at a magnification of 320 in 2 fields of view. We measured the area of
the connective tissue of the lamina propria and counted the number of nuclei. The number
of cellular elements per 1 mm2 of the lamina propria area was calculated.

To assess the volume fraction of macrophages, the preparations stained with antibodies
to CD68 were photographed at a magnification of 200 in 2 fields of view. The images were
binarized, the area with correctly oriented crypts was circled from the lamina muscularis
mucosa to the lumen, and its area and the area of the macrophages were determined. The
volume fraction of macrophages was calculated as the ratio of the area of CD68-positive
cells to the area of the mucosa.

To assess the number of endocrine cells, the sections stained with antibodies to chro-
mogranin A were photographed at a magnification of 100 in 2 fields of view. The area of
the mucosa with correctly oriented crypts was measured. The number of chromogranin
A-positive cells in the isolated area was counted. The number of chromogranin A-positive
cells per 1 mm2 of the mucosa was calculated.

To assess the volume fraction of goblet cells and the content of highly sulfated and
neutral mucins in them, the sections stained with alcian blue at pH 1.0 and with the PAS
reaction were photographed at a magnification of 200 in 3 fields of view under the same
lighting conditions. Binarization section images with the PAS reaction were obtained,
setting the threshold so that only goblet cells were isolated. The area with correctly oriented
crypts from the lamina muscularis mucosa to the lumen was outlined, and its area and the
area of goblet cells were determined. The volume fraction of goblet cells was calculated as
the ratio of the area of goblet cells to the area of the mucosa. On the images of the sections
stained with alcian blue and after the PAS reaction, the average brightness of the goblet
cell points and the background (the image area without tissue) was measured. The optical
density of goblet cells was calculated as a decimal logarithm of the ratio of the average
brightness of background dots to the average brightness of goblet cell dots. The higher
the optical density, the higher the content of highly sulfated (alcian blue) or neutral (PAS
reaction) mucins in goblet cells detected.

The obtained data were statistically processed using STATISTICA 6.0 (StatSoft, Inc.,
Tulsa, OK, USA). Nonparametric statistics methods were used since the samples were small
(8 animals per group) and the parameter values were not normally distributed ( 2 criterion).
The samples were described in terms of the median and IQR (25%; 75%). To compare
the two groups, the Mann–Whitney U-test was used, and differences were considered
statistically significant at p < 0.05. To compare the four groups, the Kruskal–Wallis test
was used; at p < 0.05, a posteriori pairwise comparisons were made according to the
Mann–Whitney U-test with Bonferroni correction. Differences were considered statistically
significant at p < 0.0085.
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3. Results

After the histological study of the distal colon of control group mice (group K) and
those who consumed PS particles with a diameter of 5 μm at a dose of 2.3 mg/kg/day for
6 weeks in drinking water (group P), no pronounced differences were observed
(Figure 2A,B). In the distal colon of all animals, the epithelium was preserved throughout
the mucosa. The crypts were deep, their openings narrow. The lamina propria and the
submucosa contained a small amount of evenly distributed cellular elements—fibrocytes,
fibroblasts, lymphocytes, and single histiocytes. For the animals with acute DSS-induced
colitis, both the animals without MP exposure (group D) and the mice that consumed MPs
(group PD), the morphological picture of the colon was mosaic. The most pronounced
pathological changes in the colon were represented by extensive ulcers extending to the
lamina muscularis mucosa. In areas with preserved epithelia and crypts, areas with se-
vere inflammatory infiltration were identified. In these areas, the number of goblet cells
was sharply reduced (Figure 2C–F). There were also areas that did not differ from the
control group.

 

Figure 2. Distal colon of control mice (A), MP-treated mice (B), and mice with acute colitis that did
not receive (C,E) and did receive MPs (D,F). In figures (C) and (D)—ulcers; (E,F)—inflammation
(arrows). Hematoxylin and eosin staining. In control (A) and MP-treated (B) mice, mucus was normal:
epi-thelium was preserved throughout the mucosa, the crypts were deep, and there were a lot of
goblet cells and a small amount of immune cells. In mice with colitis which did not receive (C,E) and
did receive MPs (D,F), there were acute ulcers and inflammation areas (arrows) with reduced goblet
cell numbers that were infiltrated with neutrophils and lymphocytes.

The prevalence of the ulcerative inflammatory process varied greatly between animals
with colitis, even within the same group (Figures 3 and 4); however, in the group of animals
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treated with MPs, the prevalence of the ulcerative inflammatory process was statistically
significantly higher (Figure 5).

 
Figure 3. Ulcerative inflammatory changes in the distal colon of mice with acute colitis that did not
receive (D) and did receive MPs (PD). Ulcers—arrows.

 

Figure 4. The prevalence of ulcers and inflammatory infiltration in the distal colon of mice with acute
colitis that did not receive (D) and did receive MPs (PD).

In group P, compared with the control group, the content of cells in the lamina propria
of the mucosa increased, but the volume fraction of macrophages in the mucosa decreased.
The number of chromogranin A-positive endocrine cells and the content of highly sulfated
mucins in goblet cells increased. There was a tendency to decrease the volume fraction of
goblet cells (Figures 6 and 7).
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Figure 5. The prevalence of ulcers and inflammatory infiltration in the distal colon of mice with acute
colitis that did not receive (D) and did receive MPs (PD) (Mann–Whitney test).

 

Figure 6. Distal colon of mice in the control group (K), consuming microplastics (P) with acute
DSS-induced colitis (D) and with acute colitis against the background of microplastic consumption
(PD), stained with alcian blue at pH 1.0 (highly sulfated mucins), the PAS reaction (neutral mucins),
immunofluorescent staining with antibodies to CD68 (macrophages) and chromogranin A (endocrine
cells). Photographs of sections with immunofluorescent staining are discolored and inverted for
better contrast.

310



Toxics 2023, 11, 730

 

Figure 7. Changes in the mucosa of the distal colon with MP consumption (P), acute colitis (D), and
acute colitis with MP consumption (PD) compared with the control group (K). Kruskal–Wallis test,
post hoc comparisons—Mann–Whitney U-test with Bonferroni correction, statistically significant
differences p < 0.0085.

In animals with colitis, changes in the colon mucosa were assessed in areas without
ulcers but with pronounced inflammatory changes. In groups D and PD, a pronounced
inflammatory infiltration of the mucosa was observed, especially in the basal part of the
lamina propria of the mucosa. Compared with the control group, in mice with acute colitis
that consumed and did not consume MP, the content of cellular elements in the lamina
propria mucosa, the volume fraction of macrophages, and the number of endocrine cells
in the mucosa increased, and the volume fraction of goblet cells decreased. In the PD
group, the content of neutral mucins in goblet cells also decreased (Figures 6 and 7). In the
PD group, compared with the D group, the content of neutral mucins in goblet cells was
statistically significantly reduced (Figures 6 and 7).
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4. Discussion

4.1. The Effect of MPs on the Colon Mucosa in Normal Mice

To date, about 20 experimental studies using mice have been published that have
evaluated the MP effect on colon structure and function. The earliest of these works
came out in 2018. Dysbiosis of the intestinal microflora was revealed in mice treated with
MPs [21–25]. According to a number of authors, exposure to MPs causes mild or moderate
inflammation in the colon, characterized by weak inflammatory infiltration of the mucosa,
the activation of pro-inflammatory signaling pathways, and the increased expression of
pro-inflammatory cytokines [17,23,24,26–30]. Violations of antioxidant defense and the
development of oxidative stress were revealed [28–31]. MPs cause damage to the epithelial
barrier of the colon. The stimulation of apoptosis [30] and the proliferation [17] of intestinal
epithelial cells were observed. A decrease in the number of goblet cells [17,26,29], mucin
expression [24,31], and mucus secretion [21,22,25,30,31] were revealed. There is a decrease
in the expression of tight junction protein genes [9,30] and an increase in the permeability
of the intestinal barrier [28].

We found an increase in the content of cellular elements in the lamina propria of the
colon mucosa in mice that consumed PS microparticles with a diameter of 5 μm at a dose
of 2.3 mg/kg/day during exposure for 6 weeks, which indirectly indicates an increase in
the permeability of the epithelial barrier for luminal antigens and the activation of the local
compartment of the immune system. At the same time, the volume fraction of macrophages
in the mucosa decreased, which was probably due to its edema. According to Li et al.
(2020), C57BL/6 mice treated for 5 weeks with 600 μg/day of 10–150 μm polyethylene (PE)
particles showed inflammation in the colon and a higher expression of TLR4, AP-1, and
IRF5 [23]. Xie S et al. (2023) noted an increase in the levels of IL-1β and IL-6 in the colon
of C57BL/6 mice fed a suspension of 5 μm PS particles at a concentration of 100 μg/L for
6 weeks [17]. Jia R et al. (2023) reported mild inflammatory infiltration of the colon, an
increase in the concentration of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6, and a
decrease in anti-inflammatory IL-10 in C57BL/6 mice fed a suspension of polypropylene
(PP) particles with a diameter of 8 microns at a concentration of 10 mg/mL for 4 weeks [30].
Rawle et al. (2022), using C57BL/6J mice treated with 1 μm PS particles at a dose of
80 μg/kg/day for 33 days via the RNA-Seq method, revealed an increase in the expression
of a number of genes associated with inflammation [27]. Xie L et al. (2022) studied the
effect of various types of plastic particles with a diameter of 150–300 microns on Kunming
mice and found that, in animals that received 0.2 mL of a microplastic suspension at a
concentration of 20 mg/mL per day for 7 days, inflammatory infiltration of the colon
mucosa and its severity depended on the type of plastic: PS > PVC > PET > PE > PP [29].

We observed an increase in the content of chromogranin A-positive endocrine cells in
the distal colon mucosa of mice that consumed MP. There are no published data on the effect
of MPs on endocrine cells in the colon. In mice, about half of the endocrine cells in the colon
are serotonin-secreting Ec-cells. [32]. Serotonin promotes mucus secretion, accelerates the
release of digestive enzymes, controls the acidity of the stomach contents, slows down the
absorption of water and electrolytes in the intestine, and increases its contractile activity [33].
In addition, serotonin is involved in immune responses: it stimulates the production of
pro-inflammatory cytokines and the differentiation of dendritic cells, and it attracts mast
cells, eosinophils, and neutrophils to the focus of inflammation [34]. It is likely that these
effects of serotonin contributed to the observed increase in the number of cellular elements
in the lamina propria.

We revealed an increase in the content of highly sulfated mucins in goblet cells under
the influence of MPs in the distal colon. The volume fraction of goblet cells and the content
of neutral mucins in them did not change statistically significantly, although we noted a
trend towards a decrease in the volume fraction of goblet cells. According to the literature,
exposure to different types and sizes of MPs causes a decrease in the number of goblet
cells, mucin expression, and mucus secretion [17,21,22,24–26,29–31]. There are no data in
the literature on the effect of microplastics on the ratio of acidic and neutral mucins in the
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colon. The mucus secreted by goblet cells is involved in protecting the body from internal
and external stimuli, moistening the mucosa surface, promoting hummus, and parietal
digestion. It forms the outer and inner layers. The outer layer is inhabited by commensal
microflora and has a loose structure, while the inner layer is dense and impervious to
particles larger than 0.5 μm in diameter. A key component of mucus is the mucin Muc2,
which is a highly glycosylated protein. The mucin molecule has terminal carbohydrate
groups which can be either neutral or acidic. The neutral groups are not modified (-CH2OH)
and are detected using the PAS reaction, while acidic groups are the modified residues of
sulfuric (-CH2SO3-) or sialic acids and are detected using alcian blue (at pH 1.0, it stains
the sulfo-groups). It is assumed that acidic mucins, especially sulfated ones, protect against
bacterial translocation better than neutral ones since they are less susceptible to destruction
by bacterial hydrolases [35]. Therefore, we also consider the increase in their production as
a protective adaptive reaction of the organism.

4.2. The Effect of MPs on the Severity of the Ulcerative Inflammatory Process and Changes in the
Epithelial Barrier in Acute Colitis

There are only three studies in the literature that have evaluated the effect of MPs on
the severity of acute experimental colitis. According to Zheng H. et al. (2021), in male C57
mice with acute DSS colitis treated for 28 days with a suspension of PS particles with a
diameter of 5 μm, more pronounced histopathological liver damage, increased intestinal
permeability, and higher levels of the pro-inflammatory cytokines IL-1β, TNF-α, and INF-γ
in serum compared to mice with colitis without MPs were observed [15]. Luo T. et al. (2022)
studied the effect of PS microparticles with a diameter of 5 μm on the course of acute and
chronic DSS colitis. Exposure to MPs caused a more pronounced shortening of the length
of the colon, exacerbated histopathological damage and inflammation, decreased mucus
secretion, and increased colonic permeability. In addition, MP exposure also increased the
risk of secondary liver damage [16]. Xie S. et al. (2023) induced DSS colitis in male C57BL/6
mice treated with a suspension of PS microparticles with a diameter of 5 μm for 42 days.
The impact of MPs accelerated the development of colitis and led to more pronounced
weight loss, diarrhea, and inflammatory changes in the colon and liver [17].

According to our data, in acute DSS-induced colitis, the prevalence of the ulcerative
inflammatory process in the distal colon was statistically significantly higher in mice that
consumed MP. Also, in the group of animals with colitis against the background of the
consumption of MPs, the content of neutral mucins in goblet cells was lower compared to
the group with colitis without MPs and the control group. Therefore, MPs lead to a more
severe course of colitis. However, we did not reveal differences in the content of cellular
elements in the lamina propria of the mucosa, the number of endocrine cells, the volume
fraction of goblet cells, or the content of highly sulfated mucins in mice with colitis between
animals treated with and not treated with MPs. Probably, the absence of differences is due
to the fact that the morphological picture of the intestine was mosaic, and these parameters
were not evaluated along the entire length of the section, but areas of the colon mucosa
with approximately the same severity of inflammatory changes were selected. Only Xie S
et al. (2023) have considered such a parameter as the number of goblet cells. The authors
noted a more pronounced decrease in the number of goblet cells under the influence of
MPs [17]. The remaining parameters were estimated by us for the first time.

It should be noted that in mice with colitis, the prevalence of the ulcerative inflam-
matory process varied greatly between animals, even within the same group. Significant
variations in ulcer-inflammatory process severity between animals of one group are as-
sociated with relatively low DSS concentrations (usually, a 1.5–5% DSS solution is used
for acute colitis, but we used 1%) and the individual differences in animals. We chose
low concentrations of DSS to cause mild symptoms because, with severe colitis, it would
have been impossible to detect the influence of MPs. Even linear animals have distinct
individual differences—in the population of adult male C57BL/6 mice, it is always possible
to identify 10–40% of animals with low and high resistance to hypoxia. We have previously
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demonstrated that, in susceptible-to-hypoxia animals, the course of acute and chronic
DSS-induced colitis was much more pronounced than in tolerant-to-hypoxia mice [36,37].

4.3. Proposed Mechanisms of MP Action

To date, the mechanisms of the damaging action of MPs have not been studied enough.
According to a review by Hirt N. and Body-Malapel M. (2020), exposure to nano- and
microplastics leads to impairments of the oxidative and inflammatory intestinal balance
and disruption of the gut’s epithelial permeability. Other effects of nano- and microplastic
exposure include dysbiosis (changes in the gut microbiota) and immune cell toxicity.
Moreover, microplastics contain additives, adsorb contaminants, and may promote the
growth of bacterial pathogens on their surfaces: they are potential carriers of intestinal
toxicants and pathogens that can potentially lead to further adverse effects [38].

In our work, we used sterile polypropylene spheres without additives. The particle
size was 5 μm. According to Pelaseyed T. et al. (2014) [39], particles with a diameter of more
than 0.5 microns cannot penetrate through the dense layer of colon mucus. Therefore, it is
possible that in mice without colitis, the effects of MPs are predominantly due to changes
in the microflora. In addition, we suggest that the high ratio of the surface area to the
volume of MP particles can act as a sorbent and wash out the mucus layer, which reduces
the protective properties of the mucus barrier and leads to an increase in its permeability. In
colitis, in addition to these mechanisms, MPs can penetrate through ulcers into the intestinal
mucosa and directly interact with immune cells, stimulating inflammatory reactions.

5. Conclusions

Polystyrene microparticles with a diameter of 5 μm at a dose of 2.3 mg/kg/day, when
exposed for 6 weeks, cause changes in the colon mucosa, characterized by an increase in
the number of endocrine cells in the mucosa, an increase in the content of highly sulfated
goblet cell mucins, an increase in the number of cells in the lamina propria of the mucosa,
and a decrease in the volume fraction of macrophages in the mucosa. The consumption
of polystyrene microparticles leads to a more severe course of acute DSS-induced colitis,
which is characterized by a greater prevalence of the ulcerative inflammatory process and
a decrease in the content of neutral mucins in goblet cells.
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Abstract: This paper presents the outcomes derived from an environmental assessment of microplas-
tic pollution resulting from solid waste landfills in the Akmola Region, situated in North Kazakhstan.
This research represents a pioneering investigation conducted on microplastics within this specific
region. This study encompasses a comprehensive examination of plastic waste disposal sites across
the Akmola region, with a particular emphasis on evaluating the status of the municipal solid waste
management system. To characterize the plastic content within the waste present at the landfill
sites, quantitative techniques were employed. Through experimental means, the composition and
fractionation of plastics within the municipal solid waste (MSW) at the landfills were determined.
These data were subjected to a comparative analysis, aligning them with official statistics and previ-
ously published scientific data from both Kazakhstan and other regions globally. The methodologies
employed focused on the “soft” removal of organic substances through the use of oxidants which
do not damage plastics, and were tested using a water-bath therapeutic treatment. Furthermore,
an analysis of soil samples taken from the landfills unveiled the ultimate retention of microplastic
particles, attributed to leachate and rainwater runoff. Extracts were obtained from the subsoil samples
using a density-based separation process, involving a three-step extraction followed by subsequent
filtration of the resulting supernatants. In addition, the soil samples underwent examination through
dry-phase particle fractional separation. The particles were meticulously enumerated and classified,
and their dimensions were measured employing microscopic techniques coupled with photographic
documentation. The outcomes stemming from these diverse tests will serve as fundamental input for
the forthcoming numerical modeling endeavor, which aims to simulate the behavior of microplastics
within both soil and water. This endeavor represents a continuation of the research project, the
preliminary findings of which are expounded upon in this paper.

Keywords: microplastics; municipal solid waste landfills; fractional composition; analysis methods;
aging of plastics

1. Introduction

Microplastics are found in nature as a result of the degradation of macroplastics
included in household waste, insufficiently treated wastewater containing synthetic fab-
ric fibers, and tire wear products, among many others. The influence of temperature,
wind, water, and ultraviolet radiation causes macroplastics to degrade over time into
micro- and nanoparticles, thereby increasing the total amount of plastic particles in the
environment [1,2]. Recent estimates indicate that each year, 1.15 to 2.41 million tons of
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plastic waste enter the oceans from rivers, with 67% of this waste originating from the
20 most polluting rivers [3].

Microplastics have garnered attention across various scientific disciplines as they
are regarded as new, persistent environmental pollutants [4,5]. In the last few decades,
research on microplastic pollution in the environment has primarily concentrated on marine
ecosystems [6]. Within the scope of marine microplastic research, comprehensive analyses
of pollution protocols, classifications, and global impacts have been conducted [5,7,8].
However, the unique characteristics of the open-ocean aquatic environment, combined with
the logistical challenges of remote oceanic locations, have resulted in higher concentrations
of microplastics in coastal areas and inland water bodies compared to the open ocean or
freshwater bodies.

Only recently have scientists begun to investigate soil and groundwater contamination
caused by microplastics [9–12]. This increased focus could be attributed to the intentional
or unintentional disposal of plastics on land, which is estimated to be 4–23 times greater
than in marine environments [6,13].

Microplastic particles deposited on land can seep vertically into groundwater, which
serves as the primary source of drinking water in many countries. As a consequence, mi-
croplastic deposition and soil contamination have been detected in certain plants, ultimately
entering the food chain and posing a threat to soil properties and human health [6].

Given the recent emphasis on microplastic contamination in soil and groundwater,
the number of international studies has gradually increased. These studies include the
development of sampling, analysis, and identification protocols for microplastics in soil
and groundwater [14–16]. However, many of these protocols are still awaiting recognition
or approval from the global scientific community [6].

Global plastic production reached 4.9 billion metric tons in 2015 and is projected to
escalate to 12 billion metric tons per year by 2050 [17]. Plastics released into the environment
undergo degradation processes that reduce their size, further exacerbating the management
of plastic waste. Depending on their size, plastics can be categorized into macro- (>25 mm),
meso- (<25–5 mm), micro- (5 mm to 0.1 μm), or nano- (<0.1 μm) plastics [18].

Microplastics can be further classified into primary microplastics and secondary mi-
croplastics. Primary microplastics are intentionally produced in microsizes for various
purposes (e.g., microgranules in personal care products, glitter). On the other hand, sec-
ondary microplastics are formed from the breakdown of macro- and mesoplastics through
photo-oxidative, mechanical, chemical, and/or biological interactions (e.g., microfibers
derived from synthetic clothing) [19]. Microplastics can take various forms, such as foams,
fragments, shafts, fibers, and flakes [20]. The fate and degradation of microplastics in the
environment are influenced by their size and shape.

Microplastics are ubiquitous, occurring in seas, lakes, rivers, estuaries, air, sediment,
landfills, and sewage treatment plants as a result of humans’ improper disposal of plastics
and inadequate waste management [21,22]. Solid waste represents a significant source of
microplastics in the environment, even though it has been understudied compared to the
above-mentioned sources [23].

This paper presents the results obtained from an environmental assessment of mi-
croplastic pollution induced by solid waste landfills in the Akmola Region (North Kaza-
khstan). It is the first-ever research on microplastics performed in the region. This study
focuses on the state of the municipal solid waste management system, using quantitative
techniques to characterize the content of plastics in the waste at the landfills.

Landfills, the most common solid waste management system, are major repositories
and distributors of microplastics [19]. They are estimated to store 21–42% of the world’s
plastic waste production [24]. Plastic waste disposed of in landfills is exposed to much
harsher environmental conditions, due to its enclosure in relatively tightly sealed containers
which undergo complex biochemical reactions and physical changes. These conditions
include varying pH levels of leachate (ranging from 4.5 to 9), high salinity, temperature
fluctuations, gas generation (e.g., CO2 and CH4), physical stress, and microbial degrada-
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tion [19]. All of these factors can lead to the fragmentation of plastics into microplastics.
Additionally, fine plastic debris can migrate through leachate discharge.

Plastics in landfills can be broken down into secondary microplastics through complex
biochemical reactions and physical changes [25], resulting in irregular shapes and struc-
tures [20], indicating that the breakdown of plastic debris is a major source of microplastics.
Furthermore, landfills directly receive primary microplastics in various forms (e.g., recy-
cled sludge) [26]. The high concentrations of microplastics in waste make landfills the
main absorber of microplastics. Moreover, microplastics have been found in water bodies,
sediment, and aquatic animals (e.g., mussels) near landfills [27], making landfills a source
of microplastic contamination of the environment in their immediate vicinity.

Microplastics can spread from landfills to the environment via the air pathway [28].
Wind and precipitation significantly contribute to the transport of landfilled microplas-
tics to neighboring areas [29]. Additionally, leachate from landfills contains abundant
contaminants, including heavy metals and organic pollutants [30]. Thus, microplastics
potentially carried by leachate can act as vectors for other contaminants and exacerbate
adverse environmental impacts upon leachate release.

To better understand and control microplastics pollution, it is important to properly
understand all the sources of microplastics and their associated pathways and degradation
mechanisms. While solid waste is a major source of microplastics in the environment, the
fate, treatment, and degradation of microplastics in various solid waste sources remain
poorly understood [23].

Once soil or groundwater samples have been collected from the field, they must
undergo a cleaning process [16,31,32]. In many soil microplastics studies and several
groundwater studies, researchers have utilized 30% hydrogen peroxide (H2O2) to clean
the samples before microplastics analysis. Hydrogen peroxide is a popular choice due
to its ability to break down any organic material present in the field soil or groundwater
samples that might be mistaken for microplastics or filtration materials [33]. In some cases,
researchers have opted for using either KOH [34] or NaCl [35,36], based on the specific
objectives of their study.

It is essential for any study to report not only the oxidant used for organic matter
breakdown, but also its concentration [6]. After the physical processing of the soil or
wastewater samples, including the sorting and removal of contaminants, as well as the
chemical digestion of any organic pollutants that may have been picked up along with the
plastics during analysis, the next step is to filter the supernatants.

The choice of filter paper and its pore size for filtration is crucial; it should be of
sufficient size to capture the minimum particle size required while ensuring it is not a
potential source of contamination [14].

To avoid potential contamination by microplastics or confusion during microscopic
counting, it is recommended to use a non-plastic filter, such as glass or gold-coated filter
paper, as cellulose in filters can sometimes resemble microplastics, especially in the form
of cellulose fibers [6]. Microplastics are complex environmental pollutants that require
proper classification [37–39]. The common classification method involves grouping them
into different forms, such as films, spheres, pellets, foams, and fibers [6].

Numerous methods have been proposed for characterizing and quantifying microplas-
tics [40]. These methods range from simple ones, like optical microscopy after sieving
and/or density separation, to more complex combinations, like thermal extraction and des-
orption combined with gas chromatography–mass spectroscopy (TDS-GC/MS). Molecular
vibrational techniques, such as Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy, are commonly used to identify microplastics extracted from environmen-
tal samples.

A typical approach involves initially identifying suspected microplastics using a
microscope and then confirming their identity using spectroscopy and thermodynamic
techniques, such as Fourier transform infrared spectroscopy (FTIR) or Raman spectroscopy,
as well as pyrolysis gas chromatography–mass spectrometry [32,41,42].
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Optical microscopes, especially stereomicroscopes, play a crucial role in recording
the physical properties of microplastics [43]. Morphological characteristics, such as color,
shape, and surface texture, serve as the primary basis for determining whether a particle is
indeed a microplastic [44]. The research community continues to refine these criteria based
on the analysis of more environmental samples [32].

2. Materials and Methods

2.1. Research Methods

Methodologies aimed at the extraction of microplastics with water, high-density saline
solutions, as well as those aimed at the removal of organic substances using oxidizing
agents (iron (II) salts, 3% H2O2, 30% H2O2) with thermostating in a water bath, were tested
in this work.

The list of used equipment and materials includes: a DTX 500 LCD Levenhuk micro-
scope with photo- and video-recording capability (Levenhuk Inc., Tampa, FL, USA); AX-200
Shimadzu analytical electronic scales with a measurement accuracy of 0.0001 g (Shymadzu
Inc., Kyoto, Japan); stainless-steel sieves with mesh sizes of 3, 2, 1, 0.3, and 0.175 mm; a
TS-1/80 SPU dry-air electric thermostat (Smolensk Special Design and Technology Office,
Smolensk, Russia) for which the maximum deviation of the average temperature of any
point in the working volume from the set temperature in steady-state thermal conditions
was no more than ±1 ◦C (the maximum deviation of temperature at any point in the
working chamber from the average was ±0.4 ◦C); an Ekros-4310 water bath (Ekros Inc.,
Moscow, Russia); Whatman 42 filters for the quantitative analysis (Little Chalfont Inc.,
Buckinghamshire, UK); Sefar polyamide filters with a mesh size of 300 microns (Sefar Inc.,
Heiden, Switzerland); an Opn-3.01 «Dastan» laboratory centrifuge with rotation speeds of
1000, 1500, and 3000 rpm (Dastan Inc., Bishkek, Kyrgyzstan); a set of hydrometers; a 5.32 M
NaCl solution; and a 5.75M ZnCl2 solution.

2.2. Description of the Study Area

Figure 1 shows the location of the Akmola Region inside the Republic of Kazakhstan.
This region is located inside Northern Kazakhstan, with the city of Kokshetau being the
administrative center and one of the most dynamically developing regions of Kazakhstan
in recent years. It is characterized by an increasing population and employment in both
agricultural and industrial production.

 

Figure 1. Location of the Akmola Region inside the Republic of Kazakhstan.
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The relevance of introducing an effective local plastic waste management system is
confirmed by the observation of the widespread detection of plastic waste in unauthorized
locations. In Kokshetau, as well as in most regions of Kazakhstan, there is no component
sorting of waste. According to national statistics, a total of 4.6 million tons of municipal solid
waste (MSW) was generated in the Republic of Kazakhstan in 2020, of which 2.8 million
tons were municipal waste collected by 625 units of specialized enterprises and individual
entrepreneurs for waste collection and transportation. The main share belongs to household
waste (71.4%), 14.6% to production waste (equated to household wastes), 9.9% to street
waste, and 2.2% to market waste. Of the total amount of collected and transported waste,
5.8% was collected by the public, 93.6% by private entities, and 0.6% by foreign entities.

In 2020, 3.7 million tons of waste, representing 80.4% of the total amount of waste
generated, was delivered to officially operating landfills and municipal waste sorting and
recycling facilities. Of this amount, only 30.3% was sorted and 68.6% was received for
further deposit. Of the waste deposited in landfills, 61.8% was mixed municipal waste and
30.9% was residual waste after recycling. At the end of 2020, more than 45.7 million tons
of waste had accumulated in officially operating landfills. The average MSW generation
per capita according to the 2020 data was 242.7 kg [45]. Supplementary Material Table S1
shows the available data about waste production in Kazakhstan and the recycling rates
by region.

Despite the fact that, on average in Kazakhstan, only 19% of the generated MSW is
recycled, as shown in Table S1, in the Akmola region only 10% of the solid waste generated
in the region is sent for recycling. Table 1 shows the data on MSW sources in the Akmola
region compared to the average for Kazakhstan [46], where the share of household waste
contributes the most to MSW by plastics, at 71.5%. In the Akmola region, household waste
accounts for 54.8% of the total amount of MSW generated. A significant contribution to the
production of municipal solid waste in the Akmola region is made by industries. The share
of production waste equated to domestic waste in Akmola region is 28.8%.

Table 1. Sources of municipal solid waste generation in 2020 (data in t/year).

Region
Household

Waste
Park Waste

Construction
Waste

Industrial Waste
(Household Waste)

Street Waste
Market
Waste

Kazakhstan 2,009,342 8595 41,473 411,450 278,850 61,324
Akmola region 52,985 2550 2722 27,839 4822 5717

The potential of the Akmola region to increase the recycling of municipal solid waste
is not high. Table 2 shows the volume of MSW transferred for recycling, including the
contribution of third-party organizations and waste-recycling companies. Most of the
municipal solid waste in Kazakhstan and the Akmola region is sent to landfills for final
disposal. On average, its share is 58.6% in Kazakhstan and significantly higher—81.95%—in
the Akmola region.

Table 2. Volume of municipal solid waste transferred for recycling (data in t/year).

Region
Total MSW Transferred

to Recycling
To Landfill Sites for

Municipal Solid Waste
Transferred to Third

Parties/Recycling Plants
Others

Kazakhstan 2,812,240 1,649,217 1,084,028 78,995
Akmola region 96,643 79,202 4825 12,616

The waste-component analysis (Table S2) reveals that in the Akmola region, there are
no data available on the assortment of household waste sent to landfills, including food
waste, electronic and electrical equipment, tires, clothes, and textiles.
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According to the official data from the Republic of Kazakhstan Department of Statistics
for 2020, plastic waste accounted for 12.26% of the total waste, while other unsorted waste
made up 63.24%.

However, in the Akmola region, the proportion of plastic waste was significantly
lower, accounting for only 1.30%, with other waste of unknown content making up 69.9%.
This high percentage of waste classified as ‘other waste’ both on average in Kazakhstan and
specifically in the Akmola region suggests a lack of reliable data on the characterization of
municipal solid waste (MSW).

Existing scientific studies can provide information on the content of plastics in MSW.
For example, a study of solid waste sorting in the capital city of Kazakhstan, Nur-Sultan
(formerly Astana), noted that the main component of MSW in the city was food waste
(46.3%), followed by plastic (15.2%), with low-density polyethylene being the predominant
plastic type (4.5%). The official statistics on the content of plastics in MSW (12.26%) on
average in Kazakhstan (Table S2) align with the available data [47–49]. However, there is a
notable difference in the content of plastic in MSW according to the statistical data for the
Akmola region (1.3%), which requires further verification.

The average plastic content in MSW in Kazakhstan is comparable to similar data
from other countries. For instance, in Spain, the average plastic content is 12.6%, and
in Brazil it is 16.8%, based on the analysis of municipal solid waste samples from 186
municipalities [50,51]. The data from Brazil may be more suitable for a comparative
analysis with the Kazakh data, as both countries consider the total waste mass without
pre-selective sorting.

As of 2022, there are no published statistical data on the plastic waste stored in
landfills in the Akmola region or in Kazakhstan as a whole. The new Environmental Code
of the Republic of Kazakhstan, enacted in 2021, bans the placement of plastic waste in
landfills, but proper procedures for sorting MSW with plastic separation have not been
fully implemented yet.

Visits to landfills in Shchuchinsk and Stepnogorsk indicated that plastic waste is still
entering the landfills. Only the landfill in Shchuchinsk has organized the separation of
plastic waste, and only non-deformed liquid containers are separated from the entire mass
of plastic.

Despite at least 130 landfills operating in the Akmola region in 2022, only 24 landfills
were licensed. Out of the total 243,000 tons of MSW generated in 2020, only 109,128
thousand tons (44.85%) is stored in licensed landfills. Supplementary Materials Figure
S1 shows the locations of these licensed landfills and their associated populations, while
Figure S2 depicts the annual waste disposal in each landfill for 2022. Further information
about the landfill locations in the Akmola region, the socio-economic characteristics of the
municipalities, and statistical data about the landfill sites are provided in Tables S3 and S4.

3. Results and Discussion

3.1. Survey of Plastic Waste Disposal Sites in the Akmola Region

During this study, field trips were conducted to assess the presence of plastics in two
MSW landfills in the Akmola region: the Shchuchinsk landfill (located on the Shchuchinsk–
Zerenda highway) and the Stepnogorsk landfill. Figures 2 and 3 display images depicting
the current state of both landfills.

The Shchuchinsk landfill is situated along the Shchuchinsk–Zerenda highway, approx-
imately 2 km away from the city border. This landfill was chosen due to its proximity to the
Shchuchinsk–Borovsk resort area, which attracts a high number of tourists to the region.
Consequently, a considerable amount of MSW, including plastic waste, was expected to be
present within the landfill.
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Figure 2. Current state of the Shchuchinsk MSW landfill.

 

Figure 3. Current state of the Stepnogorsk MSW landfill.

On the other hand, the Stepnogorsk landfill is located at a significant distance from
heavily frequented tourist areas and is situated in an area of intense industrial development
of mountain deposits. Therefore, it was anticipated that the Stepnogorsk landfill would
contain a lower amount of plastic waste. The landfill is positioned in the Stepnogorsk
communal storage area, around 1.0 km away from the residential area. It comprises various
facilities, such as a landfill site for MSW storage, a checkpoint, and a disinfection bath.
In January 2019, a waste-sorting line, an enclosed hangar for the temporary storage of
incoming solid waste, and an open concrete pad for the temporary storage of sorted waste
were introduced. However, during the visit to the landfill site, it was observed that these
facilities were not operational.

A visual inspection of the Shchuchinsk and Stepnogorsk landfills showed a lack of
compliance with the requirements of Kazakh Sanitary Rules (“Sanitary and Epidemiological
Requirements to Collection, Use, Utilization, Decontamination, Transportation, Storage and
Disposal of Production and Consumption Waste”) [52]. It was seen that, at these landfills,
the following requirements are currently absent:

• Design solutions to collect and prevent MSW leachate from entering the groundwater;
• Division of the landfill into individual operation cells;
• Equipment for weighing the incoming waste;
• Specific measures for disinfecting the wheels of waste trucks;
• Fencing and dewatering trenches, as well as earthen berms not more than 2 m high,

around the perimeter of the entire landfill area;
• Collection drains to prevent leachate and rainwater from entering the soil;
• Landscaping of the sanitary protection zones of the landfills.
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A survey of the landfills revealed that the Shchuchinsk landfill has a pre-sorting system
in place, where non-deformed plastic containers are removed from the waste. However,
the Stepnogorsk landfill lacks such a system, and there is no separate collection of MSW at
the time of original intake from the public (no separate collection sites were found during
the visit to the town). Additionally, a visual inspection of the Stepnogorsk landfill indicated
that the predominant waste at the site consisted of plastic and clothing waste, as well as
packaging, rubber, and tires.

The calculated MSW waste composition of both Shchuchinsk and Stepnogorsk landfills,
as per their environmental permits, aligns with the statistical data for Akmola Oblast.
According to this data, the plastic content in the landfills must not exceed 1.3%. The
composition of the waste includes paper and cardboard (14.7%), kitchen and food waste
(14.4%), wood (4.2%), textiles (3.55%), leather and rubber (0.5%), stones (5.1%), metal (3.4%),
drop-off materials (38.6%), glass (4.27%), plastic (0.8%), wool (0.5%), hay, straw, and leaves
(2.0%), and organic matter (6.45%).

To analyze the proportion of plastic in the waste disposed of at both landfills, six waste
samples weighing up to 2 kg each were randomly collected. The sampling points were
determined using GPS and are detailed in Table 3 and illustrated in Figures S3 and S4
(Supplementary Materials).

Table 3. GPS coordinates of sampling points.

Sample
Number

Stepnogorsk Shchuchinsk

Latitude Longitude Latitude Longitude

1 52.359220 71.923026 52.903334 70.111852
2 52.359510 71.925249 52.905588 70.108644
3 52.358966 71.928161 52.907846 70.102070
4 52.358576 71.929435 52.904524 70.102409
5 52.357261 71.928710 52.905813 70.100141
6 52.357305 71.930410 52.902452 70.103571

Each sample was weighed on an electronic scale to the nearest 1 g, then sorted, and the
plastic waste was separated from the other waste. The selected plastic was also weighed on
scales with the same accuracy. The fraction of plastic waste was calculated as the ratio of
the mass of plastic to the mass of the respective sample (Equation (1)):

γpl =
mpl

msa
(%) (1)

where γpl is the fraction of plastic waste in the sample, mpl is the mass of dirty plastic in
the sample (g), and msa is the weight of the waste sample (g). The results of the plastic
content in each landfill site are shown in Table 4.

Table 4. Plastic content in each landfill site.

Sample
Number

Shchuchinsk Landfill Samples Stepnogorsk Landfill Samples

mpl (g) msa (g) γpl (%) mpl (g) msa (g) γpl(%)

1 143 1403 10.19 307 1254 24.48
2 186 1112 16.72 294 1564 18.80
3 195 1089 17.91 302 1367 22.09
4 176 1142 15.41 187 983 19.02
5 105 521 20.15 206 907 22.71
6 268 810 33.09 281 1064 26.41

Average 19.25 22.25

The content of plastic in Stepnogorsk’s landfill is not significantly higher than the
content of plastic in Shchuchinsk’s landfill. This can likely be attributed to the randomness
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of the sampling as well as the presence of plastic sorting at the Shchuchinsk landfill. The
average plastic content in the waste disposed of at both landfills was calculated to be
20.75%, which surpasses the average value for Kazakhstan (12.26%), and also greatly
exceeds the officially available statistics for the Akmola region (1.3%—Table S2). This
significant difference more accurately reflects the actual state of plastic recycling in the
region.

The largest fraction (measured in weight) of sorted plastics from both landfills in
Shchuchinsk and Stepnogorsk is liquid ware, which includes beverage and synthetic deter-
gent containers, with an average of 62.5%. Packaging for dairy products and disposable
tableware (glasses, plates) accounts for approximately 28.6%. Polyethylene packaging
makes up around 8.9%. Most of the packaging containers were found in a deformed but
unbroken condition. A smaller proportion of the packaging, disposable utensils, and con-
tainers were in deformed fractions, including packaging made of polyethylene. Degraded
plastic can be divided into fractions: less than 5 cm, 5–10, 10–15, 15–20, and 20–25 cm. The
largest share of deformed plastic is for the fractions larger than 5 cm—up to 85%. The
fractions less than 5 cm account for 15% of the total mass of the deformed plastic.

3.2. Application of Cleaning Methods to MSW Plastic Waste

A literature search for methods to isolate and purify microplastics allowed for the
adaptation of these methods to determine the most optimal way to separate plastic particles
from organic contaminants. Since the experiment was conducted on plastic particles
previously extracted from samples of plastic waste, the degree of separation of microplastics
from organic impurities was assessed through a microscopic examination of the cleanliness
of the plastic surface and by measuring the weight of the samples using the weight method.
Based on an analysis of the literature, it was found that the purification of plastic particles
could be achieved by mixing them with water at a 1:10 ratio at room temperature (23–25 ◦C),
using warm water (60 ◦C) and utilizing chemical reagents [53–57].

In this study, different methodologies for the “soft” removal of organic substances
from plastics using various oxidants (iron salts (II), 3% H2O2, 30% H2O2) were tested
using a thermostatic water bath. However, we rejected the use of strongly acidic and
strongly alkaline solutions, as they caused significant destruction and fragmentation of
soft plastics [58–63]. Consequently, the total amount of plastic particles and their fractional
composition may not accurately represent the actual content. Published research results
did not show a better performance for cleaning plastic contaminants with warm water
compared to cold water; in fact, the opposite was observed. Nevertheless, the authors of
those studies claimed that hot water contributed to a better removal of grease and adhesive
residues from labels [64,65]. In our experiment, the purification of plastic substances from
organic impurities was conducted with a preliminary treatment (while stirring) using warm
distilled water heated to 60 ◦C, in a ratio of not less than 1:10 by mass. Special attention
was given to removing label residue from the plastic particles, as it could account for up to
10–14% of the total weight of contaminants.

After washing the plastic particles with warm water for 30 min, the removal of dirt
was carried out through liquid oxidation using hydrogen peroxide. Different variations
with varying ratios of hydrogen peroxide and a catalyst (iron salts) were tested, ranging
from 4:1 to 1:4. It was observed that decreasing the ratio of hydrogen peroxide negatively
affected the destruction of organic matter, and reducing the content of Fe (II) salt in the
mixture slowed down the process of organic pollutant degradation. Thus, the process for
the oxidation of organic impurities on the surface of the microplastics was carried out at
the ratio of hydrogen peroxide: Fe (II) salt—1:1, with an oxidation time of 30 min, at a
temperature of 50 ◦C (thermostating in a water bath). The sequence of analysis was as
follows:

- The plastic particles selected by random sampling were weighed to within 0.0001 g,
cleaned of heavy dirty contamination with warm distilled water, and stirred with a
magnetic stirrer.
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- Afterward, they were immersed in a heat-resistant beaker (600–800 mL), a 0.05 M
solution of FeSO4 was added, and then a 30% hydrogen peroxide solution (in a 1:1
ratio) was slowly added.

- The resulting mixture with plastic was maintained in a water bath with constant
stirring for 30 min (50 ◦C).

- If residual (organic) contaminants were visually observed on the plastic, the procedure
was repeated by adding an additional amount of a 30% hydrogen peroxide solution.

- After cleaning, the plastic was removed, washed with distilled water, dried at 35 ◦C [66]
to a constant weight, and weighed.

The specific gravity of the contamination was calculated as the ratio of the mass
difference of the contaminated plastic (original sample) and the cleaned sample of plastic
to the mass of the original (contaminated) plastic, according to Equation (2):

γfr =
mraw − mcle

mraw
(%) (2)

where γfr is the contamination fraction, mcle is the mass of cleaned plastic in the sample (g),
and meaw is the weight of the contaminated (raw) plastic sample (g).

A total of six samples were collected from each landfill, and different cleaning methods
were applied to them, with each sample being taken from different locations within the
respective landfill. To ensure comparable results, particles with similar sizes were selected
for the experiment. The aim was to avoid obtaining results that fell outside the sensitivity
limits of the measuring instruments. Hence, contaminated plastic particles with a maximum
length of at least 1 cm on one side were chosen. The treatment involved cleaning the
contaminated plastic particles using heated distilled water (at 60 ◦C) and stirring them for
30 min. However, this method showed a low degree of contamination removal, with an
average of 1.02% by mass. Upon inspecting the surface of the plastic particles after cleaning,
it was evident that a significant amount of residual contamination remained (as depicted in
Figure 4).

  
(a) (b) 

Figure 4. Microscopic surface inspection of (a) contaminated plastic and (b) cleaned plastic when
cleaned with H2O at 60 ◦C.

In the next step of the first experiment, heated distilled water and iron salts (II) and
3% H2O2 were used to treat the contaminated plastic particles. The content of the removed
contaminated particles averaged up to 2.6%. A visual inspection of the surface for residual
contamination using an electron microscope revealed areas of significant contamination
(Figure 5).
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Figure 5. Microscopic surface inspection of (a) contaminated plastics and (b) cleaned plastics when
cleaned with a 3% H2O2 solution and pre-treated with heated water.

The method involving a 30% H2O2 solution and a 0.05 M FeSO4 solution, along
with pre-treatment using H2O at 60 ◦C and temperature control in a water bath at 50 ◦C,
demonstrated the highest efficiency in cleaning organic impurities from the plastics.

Figure 6 displays images of the surface of the (a) contaminated plastic and (b) cleaned
plastic of sample No. 3 from Shchuchinsk’s landfill.

Figure 6. Surface of the (a) contaminated plastic and (b) cleaned plastic of sample No. 3 from
Shchuchinsk’s landfill, observed microscopically (30% H2O2 solution and 0.05 M FeSO4 solution),
with pre-treatment with heated water.

The results from calculating the content of organic contaminants removed from the
plastics are presented in Table 5. These findings suggest that municipal solid waste plastics
can accumulate between 1.70% and 10.40% of their mass from organic contaminants.

Table 5. Experimental results for cleaning the plastic of organic contaminants at each landfill site.

Sample
Number

Shchuchinsk Landfill Samples Stepnogorsk Landfill Samples

mraw (g) mcle (g) γfr(%) mraw (g) mcle (g) γfr(%)

1 0.2251 0.2119 5.86 0.1934 0.1891 2.22
2 0.3287 0.3195 2.80 0.1631 0.1575 3.43
3 0.0875 0.0784 10.40 0.1387 0.1346 2.95
4 0.1597 0.1502 5.95 0.2988 0.2768 7.36
5 0.2854 0.2779 2.63 0.3057 0.3005 1.70
6 0.1844 0.1812 1.74 0.3323 0.3124 5.98

Average 4.89 3.94

The difference in the extent to which plastics accumulate contaminants depends on
how long the plastic has been in the landfill and the type of plastic material.
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Thus, in the course of the experiments, the mass ratio of the contaminated plastics,
the oxidizing agent solutions necessary for cleaning, the duration of oxidation, and the
temperature range of exposure were established.

The results of this experiment will be used in further research for the monitoring of
microplastics in environmental objects in the Akmola region and their purification after
extraction.

3.3. Determination of Macro- and Microplastic Particles in Soil Samples

The surveyed landfills, namely Shchuchinsk and Stepnogorsk, like all landfills in the
Akmola region, lack collection headers to prevent leachate and rainfall runoff from entering
the underlying soils. As a result, the underlying soils become the ultimate destination for
the migration and retention of microplastic particles. These soils were selected for analysis
to determine the presence of microplastic particles. Soil samples were collected from each
landfill at the same locations where the waste samples were taken (see Table 5). For both
landfills, soil samples weighing at least 2 kg were gathered using metal scoops and placed
into glass jars. Each soil sample was taken to a depth of at least 15–20 cm. A total of six soil
samples from each landfill site were analyzed.

3.3.1. Determination of Soil Moisture

For each landfill site, the soil moisture was determined by analyzing three parallel
samples from each sampling point. The moisture content in the soil was determined
following the guidelines of the Kazakh State obligatory standard GOST 28268–89 [67].

Pre-numbered aluminum bags were first dried to a constant weight and then weighed
on analytical scales (AX-200 Shimadzu) with an accuracy of 0.0001 g. Soil samples weighing
3–5 g were placed into the bags and weighed with an accuracy of 0.0001 g. The weighed
bags, along with the soil and with the lid left open, were then placed in a TC-1/80 SPU
drying oven heated to 105 ± 1 ◦C. The initial drying time was set at 3 h, followed by
subsequent drying periods of 1 h. After each drying session, the bags with the soil were
covered with lids, allowed to cool in a desiccator with calcium chloride, and then weighed
on the same analytical scales after cooling. The drying and weighing process was halted if
the difference between subsequent weightings did not exceed 0.0002 g.

The mass moisture content, W (%), was calculated according to Equation (3):

W =
ml − m0

m0 − m
(%) (3)

where ml is the weight of the moist soil with cup and lid (g), m0 is the mass of the dried
soil with cup and lid (g), and m is the weight of the empty beaker with lid (g). The
arithmetic average of the three parallel measurements, with a relative error between the
three measurements not larger than 0.01%, was taken as the result of one sample moisture
content. The average value of the soil moisture at Shchuchinsk’s landfill was 13.6%, while
at Stepnogorsk’s landfill it was 17.8%.

3.3.2. Analysis of Microplastic Particles in Soil Samples and Leachates

To analyze the content of microplastic particles in the soil and to separate them by
size, a dry separation method was employed. The soil collected from the MSW landfills
was air-dried at room temperature until it reached a constant mass. Large debris was
removed from the soil, and any substantial clods were crushed. The prepared soil was
then sifted through a series of polyamide sieves with a metal base, each with different
mesh sizes: 3 mm, 2 mm, 1 mm, 300 μm, and 175 μm. The resulting fractions were visually
and microscopically examined. The second method utilized soil fractionation through dry
separation with stainless sieves of known sizes (5 mm, 2 mm, and 1 mm). The soil fractions
obtained through this process were also visually and microscopically analyzed (refer to
Figure 7 for further details).
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Figure 7. Dry separation of soil into fractions.

In order to enhance the efficiency of microplastic extraction, a “wet” detection ap-
proach was employed by preparing soil extracts. It is known that the density of plastic
is determined by its chemical composition and, in most cases, plastics without heavy
modifiers have a density lower than that of water. This is why so much research has
focused on analyzing floating debris on water surfaces or plastics washed ashore by waves.
Lightweight plastics commonly found include disposable tableware, packaging made of
polyethylene, and polypropylene.

However, due to the sorption processes of plastics on the surface of suspended solids
and the influence of biofouling, these particles can increase in mass and eventually settle to
the bottom. Moreover, certain polymers, such as polycarbonate, polyethylene terephthalate,
and polymers with modifiers, have a density greater than that of water.

As there is no standardized procedure for quantifying microplastics in soil samples
and leachates, two methods of soil analysis have been used based on the properties of
plastic particles, relying on previously published results:

- Most plastics have a density lower than that of water, so the plastic microparticles
must pass into the water phase during separation [68];

- To extract weighted plastic, it is necessary to use solutions of higher density [69,70].

Thus, the analysis of the plastic particles was performed using the “wet” method,
based on the preparation of the soil filtrate, the isolation of microplastic particles by density
separation, the flotation of microplastic particles, the filtration of the supernatant through a
filter for quantitative analysis (Sefar polyamide mesh with a diameter of 100–300 μm or
Whatman filters No. 42 with a particle retention rate of more than 8 μm), and the analysis
of the particles retained by the filter using a microscopic method (Figure 8).

  

Figure 8. Density separation of plastic particles from soil leachate.
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Samples of 2 g to 5 g of soil were analyzed, adding 10–20 mL of distilled water, stirring
for 15 min, centrifuging at 1500 rpm, and filtering the supernatant through a filter for
quantification. A similar amount (10–20 mL) of 5.32 M NaCl (]ρ = 1.20 g/cm3) solution was
added to the precipitate in step 2, and the procedure was repeated. In step 3, 10–20 mL of
5.75 M ZnCl2 (]ρ = 1.57 g/cm3) solution was added to the precipitate and the procedure
was repeated with the supernatant.

The filters with retained particles were examined using a digital microscope, specifi-
cally the Levenhuk DTX 500 LCD microscope with 20×–200×–500× magnification, which
was coupled to an intense illuminator consisting of eight dimmable LEDs. Microplastic
samples detected using both methods were recorded in .jpeg/.avi format.

During the identification of microplastics, particles with shiny surfaces, bright colors,
and sharp geometric shapes were taken into consideration [63,71,72]. These particles were
then classified based on their shape, such as fibers and non-fibrous materials like debris
(angular and hard), films (flexible and thin), or pellets (rounded and hard), along with their
size (as shown in Figure 9).

  
(a) (b) 

Figure 9. Plastic particles detected in (a) dry and (b) liquid landfill samples.

The analysis found that plates and films were present in 89% of the samples, while the
remaining particles were fibers, and no pellets were detected. The results are presented as
the number of microplastic particles per 1 g of dry soil and average 0.81 particles per gram.

The granulometric composition was determined by classifying the microplastic parti-
cles by their largest size (Figure 10).

  

Figure 10. Classification of plastic particles by size.

The size classification of the identified plastic particles showed that 50.00% of them
were in the 5–10 mm size range, 32.14% were smaller than 5 mm, and 14.29% were in the
10–20 mm size range. The smallest fraction comprised particles in the 20–50 mm size range.
Particles larger than 50 mm were not included in the analysis.

4. Summary and Conclusions

This work conducted on the waste samples from the Akmola region’s landfill sites
provides valuable insights into the role of plastic waste in the formation of microparticles
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and its impact on the natural environment. The landfill survey results offer up-to-date
information on plastic inputs. A comprehensive database, including landfill characteristics,
waste content and composition, and socio-economic characteristics of the regions, will
enable the forecasting of the impact of MSW and plastics in the area.

Through surveys and expeditions to the landfills, the state of the landfills were assessed
for compliance with sanitary norms. The content and fractional composition of plastics
in MSW at the landfills were experimentally determined, and a comparative analysis of
this data with official statistics and previously published scientific data in Kazakhstan and
abroad was conducted.

To develop effective methods for separating macro- and microplastics from organic
substances and foreign impurities, laboratory experiments were conducted on model media
and contaminated plastic particles found in the landfill samples. Methodologies focused on
the “soft” removal of organic substances through the use of oxidants without damaging the
plastics were tested using a water-bath therapeutic treatment. The method employing a 30%
H2O2 and 0.05 M FeSO4 solution, with pretreatment with H2O (at 60 ◦C) and thermostating
in a water bath (at 50 ◦C), demonstrated the highest efficiency for purifying plastics from
organic impurities. The experiments established parameters, such as the mass ratio of
contaminated plastics to oxidizer solutions, oxidation duration, mixing conditions, and
temperature exposure interval. The cleaning efficiency was evaluated by observing the
surface cleanliness of plastics under a microscope and through weight measurements. The
laboratory experiments yielded quantitative data on contamination sorption on plastic
particles, ranging from 3.94% to 4.89%.

The analysis of soil samples taken from the landfills revealed the final containment
of microplastic particles due to leachate and rainwater flow. Filtrates were obtained from
the underlying soil samples using density separation based on a three-step extraction
procedure and subsequent filtration of the supernatants. Centrifugation was employed to
improve extraction and phase separation. The soil samples were also studied using dry-
phase particle fractional separation. The particles were counted, classified, and measured
for size using microscopic methods with photo recording. The content of the microplastic
particles averaged 0.81 g−1. The microplastic particles were classified according to their
largest size: less than 5 mm (32.14%), 5–10 mm (50.00%), 10–20 mm (14.29%), and 20–50 mm
(3.57%).

All these findings will be considered as input data for the future numerical modeling
of microplastics’ behavior in soil and water, which is planned as a continuation of this
research project, the initial results of which have been described in this paper.
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Abstract: Every year we are more and more exposed to the negative impact of microplastic. Our
research aimed to determine the amount of microplastic in the snow on sledding hills in green areas
of Krakow. The sledding hills in winter are very intensively used by children and it is very important
to monitor the condition of these places in terms of microplastic contamination. In our research, we
assessed whether children playing on sledding hills may be exposed to microplastic. Our research
covered 10 sledding hills of various sizes located in the green areas of Krakow. Our research has
confirmed the presence of significant amounts of microplastics in snow collected on sledding hills.
Three times as much microplastic was found in the snow on the higher hills (2.78 mg/L) compared to
the lower sledding hills (0.96 mg/L). In the snow collected on sledding hills from the green areas
of Krakow, a large diversity of microplastic in terms of type, size, color, and shape was noted. The
dominant type of microplastic found during the research was polypropylene (PP), polyurethane (PU),
hydrocarbon resin (HCR), and polyester (PES). The share of two microplastic fractions of 1.1–2.0 mm
and 2.1–3.0 mm accounted for over 50% of the whole amount. After melting the snow, microplastic
goes to the soil surface, which can lead to changes in the properties of the soil, and due to its strong
hydrophobicity, it will play an important role in the transport of toxic compounds, e.g., polycyclic
aromatic hydrocarbons (PAHs). Our research suggests limiting the use of plastic sleds and replacing
them with wooden sleds, which will not be a source of pollution for urban green spaces used by
residents regardless of the season.

Keywords: children’s playground; FTIR; land uses; microplastic; urban areas

1. Introduction

Plastic pollution is a global problem in terrestrial and aquatic ecosystems and enters
the environment through landfills, atmospheric deposition, sewage treatment, and agri-
cultural, urban, and industrial runoff [1–4]. Globally, the annual production of plastic is
approximately 322 million tons and, despite the increase in plastic recycling, most of the
plastic waste ends up in the environment [5]. Microplastics are plastic particles smaller
than 5 mm often derived from the fragmentation of meso and macroplastics [6]. Under the
influence of anthropogenic or environmental factors, large pieces of plastic are fragmented,
becoming a source of microplastic in the environment [7]. In most studies conducted so
far, the dominance of plastic particles of smaller fractions was indicated [4]. The most
common microplastics detected in stormwater were rubber and asphalt particles from road
surfaces, followed by textile fibers, films, fragments, and paint particles [8]. Most plastic
garbage is generated on land, making soil an important long-term sink for microplastics [9].
About 79% of all plastic waste produced in the years 1950–2015 ended up in the soil and
is the source of microplastic deposited in the soil [10,11]. Microplastic is released into
the environment as a result of the deterioration of discarded plastic products through
physical, chemical, and biological processes [12]. In the case of microplastic pollution,
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depending on its type and size, different environmental impacts were noted. Microplastics
significantly reduce bacterial diversity, change pH, and the content of some nutrients in the
soil, but it also has a significant negative impact on the survival, growth, and reproduction
of soil fauna [11]. Microplastic pollution regulates soil bacterial communities, promoting
the growth of Ascomycota fungi and inhibiting the growth of Basidiomycota [13]. Mi-
croplastic pollutes soils and serves as a vector for other pollutants, which can also cause
ecotoxicological effects on the soil ecosystems [14]. Microplastic can affect the formation of
physicochemical and microbiological properties as well as soil fauna [15–17]. Microplastic
can also be the carrier of hydrophobic organic pollutants, such as polychlorinated biphenyls,
polycyclic organochlorine pesticides, and aromatic hydrocarbons, as well as heavy metals
such as nickel, zinc, cadmium, and lead [5]. As a result of the degradation and fragmen-
tation of polymeric materials, so-called secondary microplastics are formed. There is a
reduction in the molecular weight of the polymer, and the released bonds are susceptible
to microbiological degradation that occurs in aerobic and anaerobic environments, and
decomposition to CO2, H2O, N2, H2, CH4, and mineral salts can be complete or partial [18].
On the other hand, primary microplastics are polymer powders and micro granulates
present, among others, in cosmetics and cleaning products. The European Chemicals
Agency ECHA [19] published a proposal to limit the use of polymer plastics in cosmetic
products. The document contains a list of 19 polymers and currently known cosmetics
companies aware of the risks, out of concern for the good of the consumer, have eliminated
the polymers on this list from the composition of their products [20].

The problem of plastic contamination has been described in variously managed ar-
eas [21–23]. Corradini et al. [24] identified microplastic in soils under four different land use
systems with different management intensities (croplands, pastures, rangelands, and natu-
ral grasslands). Some studies show a clear relationship between the increasing abundance
of microplastic and increasing levels of urbanization and industrialization [25]. Urban areas
are heavily polluted with microplastic as a result of the high concentration of people [26].
Green spaces in urban areas are considered natural filters of pollution in cities due to the
retention capacity of soil and vegetation [27]. Urban green spaces, such as parks, gardens,
and squares, have several potential benefits for city dwellers and their use can improve
physical and mental health through recreation and reduce anxiety and stress [28]. Therefore,
the study of green areas is important in the context of risk assessment.

Krakow is the second largest city in Poland in terms of the number of inhabitants
and area. The area of the city is 327 km2, and its length from north to south is 18 km and
from east to west is 31 km. Green areas in Krakow have arranged areas with technical
infrastructure and buildings functionally related to them, covered with vegetation, and
performing public functions. The area of public green areas with a recreational function
per inhabitant is on average approximately 8.3 m2/person [29]. Our research aimed to
determine the abundance of microplastic in the snow on sledding hills in green areas of
Krakow. The sledding hills in winter are very intensively used by children and it is very
important to monitor the condition of these places in terms of microplastic contamination.
In our research, we assessed whether sledding hills pose a risk for children using them, and
whether children playing on sledding hills may be exposed to microplastic. Our research
covered 10 sledding hills of various sizes located in the green areas of Krakow. There are
no studies on microplastic in big cities in Poland such as Krakow. Therefore, this study
aims to clarify the following questions: (1) How much microplastic ends up in the snow in
different parts of sledding hills depending on their size?; (2) What types of microplastic
are found in the sledding hills area?; (3) What amounts of microplastic get into the soil
environment every year as a result of using sledding hills?

2. Materials and Methods

2.1. Study Area and Snow Sampling

The research was carried out in the green areas of Krakow, southern Poland (50◦03′41′′ N;
19◦56′18′′ E). The Municipal Greenery Authority in Krakow has prepared a map with the
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location of the sledding hills for children. There are 43 sledding hills of various sizes in
Krakow. Most of them are located in parks and each of them is properly secured against
road traffic with fencing, while others are located deep in the park away from roads and
cars. The research covered 10 sledding hills made available to children during the winter
(Figure 1). The sledding hills covered by the research varied in size. We divided the
sledding hills into two groups, the first group was characterized by the slope length of
sledding hills below 10 m, and the second group had the slope length of sledding hills
exceeding 10 m. Five sledding hills represented low sledding hills (G2, G3, G8, G9, and
G10) and five were high sledding hills (G1, G4, G5, G6, and G7). Each sledding hill has
been divided into three parts (upper, middle, and lower). Snow samples from ten locations
were taken from each section for further testing. Ten sub-samples were used to prepare an
aggregate sample. A 1 L snow sample was taken from each point using a metal sampler.
Ten sub-samples of snow from each part of the sledding hills were combined into one
and the microplastics were isolated after being transported to the lab. In total, laboratory
analyses included 30 snow samples (3 parts of sledding hills × 10 sledding hills = 30 snow
samples). Snow samples were collected in December 2022.

 

Figure 1. Location of sledding hills (blue star) in Krakow (source: Municipal Greenery Authority in
Krakow).

2.2. Laboratory Analysis

Upon arrival at the laboratory, the snow samples were melted and filtered through
filters (0.45 μm glass microfiber filters). Snow samples were placed in glass beakers and
melted at room temperature. Plastic was extracted from the filters and transferred to a
Petri dish. Visual analysis and sorting were performed. Microplastics were defined as
particles made of synthetic polymers, smaller than 5 mm. Separated plastic samples were
subjected to spectrophotometry analysis. Qualitative identification of the remains was
obtained using an FTIR microscope Nicolet iN10 (ThermoFisher Scientific Inc., Waltham,
MA, USA) with a cooling detector for sample mapping. The equipment used allows the
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detection of microplastic particles from 0.01 mm. Infrared spectroscopy was performed in
the reflectance mode. The collected spectra were analyzed using Omnic Spectra software
with its database. To reduce the possible error due to cross-contamination, the microplastic
abundance of the blank was used to correct all the results. Before starting the analysis
in the laboratory, 5 Petri dishes with filter paper on which microplastic particles from
the air could settle during the analysis were prepared. Blanks thus prepared were last
analyzed on an FTIR microscope. Microplastic particles were classified by type, color,
shape, and size. In the case of type and color, the percentage by weight was specified. In
the case of size and shape, the percentage was determined by count. At the time of analysis,
the library included reference spectra for Polyurethane (PU), Polyethylene terephthalate
(PET), Polyester (PES), Polyvinyl butyral (PVB), Thermoplastic elastomer (TPE), Polyvinyl
chloride (PCV), Polypropylene (PP), Polystyrene (PS), Hydrocarbon resin (HCR), Phenoxy
resin (PHR), and Poly (isobutene isoprene) (PIBP).

2.3. Statistical Analysis

The principal component analysis (PCA) method was used to evaluate the relation-
ships between analyzed variables. A general linear model (GLM) was used to investigate
the effect of the sledding hills’ size and location on sledding hills on the microplastic
content. The Shapiro–Wilk test was used to assess normality, and Levene’s test was used
to check the homogeneity of variances. The Kruskal–Wallis test was used to assess the
differences between the average values of microplastic amount between different locations
on sledding hills. The U Mann–Whitney test was used to assess the differences between the
average values of microplastic amount between different sizes of sledding hills. Statistical
analyses were performed in the statistical programs R (R Core Team 2020), and R Studio
(R Studio Team 2020).

3. Results

In the snow collected on sledding hills from the green areas of Krakow, a high content
of microplastic and a large diversity of microplastics in terms of type, size, color, and
shape were noted. The dominant type of microplastic noted during the research was
polypropylene (PP), polyurethane (PU), hydrocarbon resin (HCR), and polyester (PES). In
the case of one sledding hill (G1), a high proportion of urethane alkyd was noted (Figure 2).
A small amount of phenoxy resin (PHR), poly(isobutene isoprene) (PIBP), and polystyrene
(PS) was found in the samples of the tested snow (Figure 2). In the snow collected from the
higher sledding hills, polypropylene, polyethylene terephthalate, and thermoplastic elastomer
(TPE) appeared more often compared to the lower sledding hills. On the other hand, in the
snow from the lower sledding hills, polyurethane was more often marked (Figure 2).

The microplastics determined in the snow samples varied in size (Figure 3). The
highest content was recorded in the case of microplates of 1.1–2.0 mm and 2.1–3.0 mm.
The share of these two microplastic fractions accounted for over 50% of all. The smallest
share was recorded for microplastics sized 3.1–4.0 mm. This microplastic fraction was more
present in the snow collected on the upper sledding hills (G1 and G4–G7). The highest-sized
microplastics (4.1–5.0 mm) were more common in the snow from the higher sledding hills,
while it was absent from the snow from the two low sledding hills (G8–G9) (Figure 3).

In snow samples collected from sledding hills, four types of microplastic shapes were
noted, i.e., fiber, fiber ball, flake, and fragment (Figure 4). Fragments had the largest share,
often their share accounted for over 75% of all microplastic shapes. Only the snow from the
three sledding hills had less than 50% microplastic in the form of fragments. Flake-shaped
microplastics had a significant share. Fiber and fiber balls were not recorded on all the
study plots. Fiber and fiber balls were not recorded in the snow of the lower sledding hills
(G2–G3 and G8–G10) (Figure 4).
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Figure 2. Microplastic particles (MCs) characterization by type of component in snow on different
sledding hills (SH) (the percentage by weight was specified). The higher the percentage, the more of
a particular microplastic compared to the others in the collected samples.

Figure 3. Distribution of microplastic particles (MCs) by size (mm) in snow on different sledding
hills (SH) (the percentage by count was specified). The higher the percentage, the more of a particular
microplastic compared to the others in the collected samples.
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Figure 4. Distribution of microplastic particles (MCs) by shape in snow on different sledding hills
(SH) (the percentage by count was specified). The higher the percentage, the more of a particular
microplastic compared to the others in the collected samples.

The presence of microplastics in ten colors was determined in snow samples collected
from sledding hills (Figures 5 and 6). The largest share was recorded for black microplastics.
Blue, red, pink, and green microplastics also had a significant share. In the snow samples
covered by the analyses, a small share of plastic in brown, violet, and white colors was
noted (Figure 5).

Figure 5. Distribution of microplastic particles (MCs) by color in snow on different sledding hills
(SH) (the percentage by weight was specified). The higher the percentage, the more of a particular
microplastic compared to the others in the collected samples.
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Figure 6. Examples of various microplastic particle types recorded in the snow on different sled-
ding hills.

The conducted GLM analysis confirmed the importance of the size of sledding hills
and the location of sledding hills in shaping the amount of microplastics (Table 1).

Table 1. GLM analysis for the microplastic weight (MCs weight mg/L) depends on the size of the
sledding hill and the location of the sledding hill.

MCs Weight
F p

Size of sledding hill (S) 5.8367 0.0236
Location on sledding hill (L) 7.9621 0.0022

S × L 4.4017 0.0235
Significance effects (p < 0.05) are shown in italic.

In addition, the GLM analysis indicated an interactive effect of the size of sledding
hills and the location of sledding hills in shaping the amount of microplastic. Within the
examined sledding hills, the content of microplastics in snow varied from 2.8 mg/L to
61.0 mg/L (Figure 7). The median weight of microplastic in the snow samples from the
upper sledding hills was three times higher compared to the lower sledding hills (2.78 mg/L
and 0.96 mg/L, respectively) (Figure 8). The differences in the weight of the microplastics in
the snow samples from the upper and lower sledding hills were not statistically significant.
Statistically significant differences in the amount of microplastics were noted between the
sledding hill locations. Lower locations (bottom) were characterized by a significantly
higher content of microplastics compared to the middle and upper lower parts of the
sledding hills. In the lower part of the sledding hill, the median content of microplastics
was 20 times higher compared to the lowest part (Figure 8). The median microplastic
content in the upper sledding hill was 0.50 mg/L, in the middle was 1.27 mg/L, and the
lower 9.33 mg/L (Figure 8).

The performed PCA analysis confirmed the relationship between the studied charac-
teristics of microplastic and the size of the sledding hill (Supplementary Figure S1). Two
main factors contributed to the observed variance (51.6%): factor 1 accounts for 30.2% of
the variance, while factor 2 explains 21.4% of the variance. Factor 1 is related to the size of
the microplastic, while factor 2 is related to the type of microplastic. In addition, the PCA
analysis confirmed the separation of high and low sledding hills concerning the type and
size of the microplastic (Supplementary Figure S1). The lower hills were characterized by a
higher share of PES and PU and a share of microplastics of 1.1–2.0 mm and 0.6–1.0 mm.
Higher sledding hills were characterized by the highest mass of microplastics (MCs weight)
and the share of microplastics with larger sizes (Supplementary Figure S1).
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Figure 7. The content of microplastics (mg/L) in snow depends on the sledding hill.

Figure 8. The content of microplastics (mg/L) in snow depends on the size of the sledding hill
(high and low) and the location on the sledding hill (bottom, middle, top); colors indicate different
variants of different sledding hill and different location on sledding hill, letters (a, b) mean significant
differences between types of sledding hill and between different location on the sledding hill.

4. Discussion

In Krakow, the Municipal Greens Authority has prepared a map of 44 sledding hills
that can be used during the winter, and 10 of them were tested for microplastic contamina-
tion. Our research shows significant contamination of the sledding hills in the green areas
of Krakow with microplastics. Our research indicates the presence of a significant amount
of microplastics that vary in type, size, color, and shape. Due to the high anthropogenic
impact, the urban environment is considered to be one of the main sources of microplas-
tic [25,26,30]. Microplastics have been commonly detected in the urban atmosphere, dust
or soil, and urban rivers and are mainly produced in tire wear, landfill and wastewater
treatment, and industrial activities [3,31]. Our study shows significant microplastic contam-
ination of green areas as a result of using plastic sleds, shoes, and clothes on sledding hills.
It should be emphasized that this microplastic, after melting the snow, ends up in various
components of the environment. Microplastics migrate and transform in many urban
environments through physical and biochemical factors [5,32]. Due to their lightweight and
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low density, microplastics can easily float and transform between different environmental
matrices in urban ecosystems. Through the runoff of rainwater, microplastics can end up in
urban rivers, and by wind be transported to other urban ground surfaces. Microplastics
from sledding hills and snow pose a potential health risk for urban residents. Microplastic
pollutants were detected in all environmental matrices [33]; therefore, on the examined
sledding hills they can be carried with dust or come from road pollution. Microplastics
entering the soil environment are carried through food chains and food webs, which pose
potential threats to human health [34]. The tissue accumulation of microplastics may cause
a variety of inflammations that affect gene expression and cause cell lesions and maybe
even cancer [35].

The dominant types of microplastics noted during our study were polypropylene,
polyurethane, hydrocarbon resin, and polyester. According to the United Nations Environ-
mental Program report, of the 388.2 million tons of plastics produced, 16% are polypropy-
lene [36]. PP are dominant microplastic types found on sand and leaves in playgrounds,
while playgrounds contain more microplastics than other areas in urban parks [37]. The
natural aging process significantly changes the physicochemical properties of PP and
enhances its sorption capacity, as a result of which PP presents a more vital ecological
risk [38]. Microplastics can be vectors for transporting heavy metals in soils and increase
the bioavailability of heavy metals posing negative biological effects [39]. According to Cao
et al. [40], PP microplastics increased the concentration of bioavailable Cd in soils through
decreasing soil retention. Microplastics in the form of biodegradable polyurethanes are
prone to accumulation of PAHs from the soil and concentrations of PAHs in biodegradable
polyurethanes were 70 times higher than in soil [41]. The high polyurethane contents noted
in our studies confirm the possibility of higher contamination risk because the flexibility
of the polyurethane polymeric network could be the main driving factor for the sorption.
HDPE was detected in previous soil studies [34], but no such microplastic has been detected
in our studies.

The microplastic marked in the sledding hills snow varied in size. The share of
two microplastic fractions of 1.1–2.0 mm and 2.1–3.0 mm accounted for over 50% of all
amounts. Microplastics sized less than 1.0 mm showed a significant share, often over
25%. Previous studies indicate that most or all of the microplastic particles extracted from
different environments were below 1000 μm [42,43]. In the study of Leitão et al. [26], the
average size of a microplastic was 116 μm; more than 80% of the particles in the general
urban area sample measured less than 250 μm. According to Zhang et al. [44], the small-size
microplastics favored the increase of pH, water content, organic matter, and adsorption
capacities with Cd in the paddy soil compared with the large-size microplastics. The
small-sized microplastics are more harmful to organisms because they have a larger surface
area to absorb toxic chemicals [45]. Our research shows a relationship between the size of
the microplastic and the size of the sledding hill. On the higher sledding hills, we recorded
a greater share of microplastics of the largest sizes, i.e., 3.1–4.0 mm and 4.1–5.0 mm. Higher
hills give the possibility of faster descents, stronger hits, and more friction, which leads to
larger fragments of the plastic sled breaking off.

Microplastic shapes are generally classified as pellet/spherule, fragment/sheet, foam,
fiber/line, and film [46]. In our study area, fragments had the largest share, often their
share accounted for over 75% of all microplastic shapes. As a result of sliding down on
plastic sleds, mechanical abrasion occurs and microplastics in the form of fragments are
released into the environment. In the future, microplastic fragments will be fragmented as
a result of ultraviolet radiation and biodegradation. A weathering experiment conducted
in the laboratory indicates that 12 months of exposure to UV radiation and 2 months
of mechanical abrasion of PP can produce 6084 ± 1061 particles [47]. In addition to the
variation in the shape of the microplastic, we noted a large variation in the color of the
microplastic. In our research, we isolated microplastics in 10 colors. This is probably the
effect of using sledding hills, especially by children, for whom colorful toys and clothes
are produced.
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The conducted GLM analysis indicated the importance of the size of the sledding hills
and the location on the sledding hills in shaping the amount of microplastics. A total of
3 times more microplastic was recorded on the higher hills compared to the lower hills.
Higher sledding hills are more likely to be chosen by children and have higher speed
descents, which result in more microplastic. A statistically significantly higher content
of microplastic was recorded in the snow in the lower part of the sledding hills, where
the sled reached the highest speed and braking occurred at the same time. By presenting
the number of microplastics on sledding hills and their variation in type and size, we
show that plastic snow slide devices and other products used for downhill can contribute
to elevated concentrations of microplastic. It is justified to promote sliding equipment
made of natural materials, such as wood. It is really important to consider switching from
plastic gear to wooden gear (as long as they are not painted or varnished). Wood has long
been widely used as a construction material due to its low cost and high strength, and
is increasingly being seen as a viable alternative to plastic. Microplastics in urban green
spaces from sledding hills can have negative effects on the soil environment. In the long
term, microplastic pollution can have a potentially significant impact on the biodiversity
of soil systems. Microplastic contamination in the soil strongly affects soil biota, and
it particularly reduces the number of soil mesofauna and changes the structure of the
microorganisms [48,49].

5. Conclusions

Our research shows significant microplastic contamination in the sledding hills located
in the green areas of Krakow. Our analyses have confirmed that significant amounts of
microplastics of various types, sizes, shapes, and colors get into the snow as a result of
winter activity, especially by children. The higher sledding hills had a higher content of
microplastics compared to the lower sledding hills. Our research suggests promoting chil-
dren’s use of wooden sleds and avoiding plastic products. The occurrence of microplastics
in soil is a cause for concern. Microplastics on sledding hills can break down with exposure
to sunlight or high temperatures and pose a serious threat to humans, animals, and plants.
It is important to conduct further research on microplastic contamination of urban green
spaces that are intensively used by residents.
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Abstract: This study aimed to investigate the distribution of microplastics (MPs) within the Shiwuli
River in Hefei, a Chinese inland city. Water and sediment samples were collected during flood season
(from May to September) and non-flood season (from October to April) at 10 representative points
along the truck stream. The electron microscope, the laser direct infrared chemical imaging system
(LDIR), and the scanning electron microscope (SEM) were used to observe and quantify the colour
and shape of the MPs, to identify the number, size, and polymer composition of the MPs, and to
observe the microstructures of typical MP particles, respectively. The polymer risk index (RI) model
and the pollution load index (PLI) model were used to assess the polymer-related risks and the
overall extent of MP pollution in the river, respectively. Analysis of MP abundance for different
sampling points showed that the water of Shiwuli River had an average abundance of MPs of
8.4 ± 2.5 particles/L during the flood season and 5.8 ± 1.7 particles/L during the non-flood season;
the sediment had an average abundance of MPs of 78.9 ± 8.3 particles/kg during the flood season
and 63.9 ± 7.1 particles/kg during the non-flood season. The abundance of MPs of different points
was investigated. Result show that the more abundances of MPs were found at confluences with
tributaries (S4, S5, and S6), where they are also close to the residential and industrial development,
while lower values were found in agricultural areas (S8) and wetland ecological regions (S9 and
S10). In water, the maximum appeared at S5 with 21.7 ± 4.6 particles/L during the flood season
and 15.9 ± 4.2 particles/L during the non-flood season, respectively; the minimum appeared at S9
with 1.8 ± 1.0 particles/L during the flood season and 2.2 ± 0.4 particles/L during the non-flood
season, respectively. In sediment, the maximum appeared at S5 with 174.1 ± 10.1 particles/kg
during the flood season and 143.6 ± 10.4 particles/kg during the non-flood season, respectively;
the minimum appeared at S8 with 10.3 ± 2.8 particles/kg during the flood season and at S9 with
12.1 ± 3.2 particles/kg during the non-flood season, respectively. MP characteristics were also studied.
Results show that the MPs mainly exhibited a fibroid morphology (27.90–34%), and red-coloured
particles (19.10%) within the smaller size less than 500 μm (38.60%) were more prevalent. Additionally,
the result of LDIR scanning shows that a total of eleven types of MP polymers were found in the
river water and sediment, including acrylates (ACR), chlorinated polyethylene (CPE), ethylene vinyl
acetate (EVA), polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene
(PS), polyurethane (PU), polyvinylchloride (PVC), polyamide (PA), and silicon. The most common
particle was PE (19.3–21.6%). Furthermore, the environmental risk assessment demonstrated that the
PS polymer posed a Level-III risk in the water samples and a Level-II risk in the sediment samples
from the Shiwuli River. The remaining polymer types exhibited Level-I risk. The PLIzone value for
water was 2.24 during the flood season, indicating heavy pollution, and 1.66 during the non-flood
season, indicating moderate pollution. Similarly, the PLIzone value for sediments was 2.34 during the
flood season and 1.91 during the non-flood season, both suggesting a heavy pollution. These findings
highlight the potential risk posed by MP pollution in the Shiwuli River to the quality of drinking
water sources in Chaohu Lake in Hefei. They provide valuable insights into management, pollution
control, and integrated management strategies pertaining to MPs in urban inland rivers in Hefei.
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1. Introduction

Microplastics (MPs), defined as plastic particles smaller than 5 mm in size, represent
persistent organic pollutants and emerging contaminants [1,2] that exhibit resistance to
degradation and are ubiquitously present in various environmental compartments, includ-
ing surface water, sediment, atmosphere, and soil, thereby posing significant ecological
risks [3]. In general, MPs can be derived from both industrially produced primary plastic
particles and secondary plastic particles generated through the fragmentation of large
plastic debris commonly used in daily production and consumption [4]. MPs possess
distinctive surface characteristics and display a phenomenon known as the Trojan horse
effect [5]. This effect enables them to act as carriers for the adsorption of heavy metals,
antibiotics, and other pollutants in the environment, facilitating their migration. Moreover,
MPs can be ingested by aquatic organisms and mammals [6–8]; subsequently causing
bioaccumulation through the food chain and potentially impacting human health [9–11].
These issues became widely concerning around the world.

Recent research predominantly concentrated on elucidating MP transport mechanisms
within marine environments [12–14], assessing their consequential toxicological impacts
on various organisms [15,16], and investigating their distribution in freshwater lakes
and rivers [17–19]. Drabinski et al. explored the abundance and spatial dispersion of
MPs in three distinct freshwater rivers situated in Rio de Janeiro, Brazil [20]. Similarly,
Pradit et al. examined the quantification of MP particles in the U-Taphao River located in
southern Thailand, investigating temporal variations across different time intervals [21].
Furthermore, Lin et al. explored the abundance and distribution patterns of MPs in the
Pearl River, China [22]. These studies collectively shed light on the natural migratory
pathways of MPs originating from urban industrial processes and residential activities as
they traverse riverine ecosystems.

Various methodologies and models were developed to assess the risk associated with
MP pollution in aquatic ecosystems. For instance, Kim et al. employed a species sensitivity
distribution (SSD) method to evaluate the ecological risk of MP pollution by determining
the sensitivity of soil biota to microplastics [23]. Similarly, Zhong et al. utilized a pollution
load index (PLI) model to determine the level of risk posed by MPs in Dongshan Bay,
China [24]. Furthermore, Ranjani et al. applied the PLI model to evaluate the presence of
MPs in sediments from the east and west coasts of India [25]. In a separate study, Kai et al.
utilized a polymer risk index (RI) model to assess the extent of MP pollution in Chagan
Lake and Xianghai Lake, China [26]. By employing these diverse models, researchers
paved the way for conducting comprehensive ecological risk assessments pertaining to
MP pollution in water basin environments. These assessments, in turn, provide valuable
insight into effective preventative measures and controls against MP pollution.

The Shiwuli River, located within Hefei, serves as a primary tributary of Chaohu Lake.
Chaohu Lake is a significant freshwater lake in China with a water area of 769.6 km2 and
is recognized as a national drinking water source. This river connects Chaohu Lake with
the urban area of Hefei, the capital city of Anhui Province, with a population of 9,634,000.
The drainage basin of the Shiwuli River encompasses diverse functional zones, including
administrative and commercial areas, industrial and agricultural production areas, residen-
tial living areas, as well as ecological landscape and wetland ecological protection areas.
The river faces substantial risks from both point source and non-point source pollution,
which act as major pathways for the enrichment and migration of MPs and other pollutants
into Chaohu Lake. Currently, there is limited research focusing on the characteristics and
ecological risk assessment of MPs in urban rivers situated inland, especially those that
flow into drinking water source lakes. Additionally, no published studies investigated
the ecological risk assessment of MPs in Chaohu Lake and its tributaries. Herein, this
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study aims to investigate the spatial and temporal distribution of MPs in both river water
and sediment within the Shiwuli River. Furthermore, it aims to quantitatively assess the
potential ecological risks and overall pollution load using two models: the pollution load
index (PLI) and the polymer risk index (RI). The ultimate goal is to provide a scientific
foundation for comprehensive pollution assessment and source control management of
MPs in the Chaohu Lake basin.

2. Materials and Experimental Methods

2.1. Profile of the Sampling Points

The Shiwuli River Basin is located at 31.727◦–31.835◦ N, 117.198◦–117.377◦ E, and
covers an area of 111.25 km2; (Figure 1). The population in the basin is currently approxi-
mately 576,500. The precipitation during the flood season accounts for 60.5% of the total
precipitation. The main stream of the Shiwuli River is 24.74 km long, the average slope
of the watercourse is only 0.72‰, and the water surface ratio is only 4.4%. At present,
the water resource utilization pattern is watercourse ecological water. There is no stable
clean water source at the upper reaches and water supplementation mainly comes from
natural precipitation, tailwater discharged from sewage treatment plants, and overflows
from Swan Lake. The water volume cannot meet the basic ecological flow requirements.
At present, point source pollution in the river comes mainly from the discharges of urban
sewage plants and the effluent from industrial plants. Non-point sources are mainly urban
surface runoff, rural domestic wastewater, and agricultural planting and cultivation. Many
detrimental environmental factors have an impact on the basin, including incomplete rain
pollution distributaries, a sharp increase in non-point source pollution during the flood
season, and watercourse cut-off during the dry season, among others [27].

Figure 1. Sampling points and functional areas in Shiwuli River Basin. The sampling points selected
along the river are labelled as S1–S10.

2.2. Sample Methods

According to spatial factors, such as the different urban functional areas that the
Shiwuli River runs through, the type of outlets and the confluence of the tributaries, a total
of 10 sampling points were chosen. Specifically, one sampling point was at the starting and
one at the ending sections of the river, respectively, four points were at the intersection of
the tributaries, two points were at outlet areas of sewage treatment plants, and three points
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were at typical functional regions (Figure 1 and Table 1). Sampling was performed during
the flood season (June 2022) and the non-flood season (November 2022). Samples of both
water and sediment were obtained at each sampling point. A total of 2 L water samples
were collected from each sampling point at three different depths (0–20 cm, 40–80 cm, and
100–150 cm) and uniformly mixed; 1.5 kg of sediments was collected at three different
locations from each sampling point and uniformly mixed.

Table 1. Description of sampling points.

Sampling Points Locations Characteristics

S1 Administrative and commercial areas Starting section, estuary of Swan Lake

S2 Urban residential areas Beside main streets of urban traffic, outlet below the Overpass
of Jinzhai Road

S3 Urban residential areas Outlet of the Hudaying Sewage Treatment Plant

S4 Ecological landscape areas Intersection with the tributary Xingfu Channel, next to the
industrial development zone

S5 Ecological landscape areas Intersection with the tributary Wangniangou, the planned large
ecological park area

S6 Ecological landscape areas Intersection with the tributary Xuxiaohe, the planned large
ecological park area

S7 Ecological landscape areas Outlet of the Shiwulihe Sewage Treatment Plant

S8 Agricultural areas Intersection with the tributary Xuxi River, agricultural planting
and aquaculture

S9 Wetland ecological protection areas Large water area
S10 Wetland ecological protection areas Terminal section, estuary of Chaohu Lake

2.3. Experimental Scheme
2.3.1. Microplastics Separation and Extraction

The treatment of the samples was carried out according to the method of Meng
et al. [28]. For water samples, stainless steel sieves with different pore sizes (1 mm, 5 mm,
15 μm, and 25 μm) were piled up one by one for coarse filtering. All the above sieves were
rinsed by deionized water and filtered again using a filter membrane (LONGJIN, PTFE,
aperture 5 μm, diam 50 mm, Nantong, China). Then, the filter membrane was placed in
an open beaker containing 30% H2O2 solution for digestion and stirred by a magnetic
stirrer (HUXI, HMS-203D, Shanghai, China) for 72 h. The temperature was 60–65 ◦C and
the rotating speed was 550 rpm. The digested mixture was extracted for a second time
and the wet filter membrane was placed in a petri dish, which was then transferred into
an oven for dehydration for 1 h at 100–105 ◦C. The dried filter membrane was transferred
into a saturated NaCl solution for density floating. Meanwhile, oscillation was carried
out and the solution was left static for 24 h. The supernate was extracted and the residues
in the beaker were poured into the saturated NaCl solution again for density floating.
This process was repeated three times and three pieces of filter membrane were obtained.
For the sediment samples, they were paved onto a petri dish and dried in an oven at
105 ◦C for 14 h. The subsequent digestion steps were the same as described above for the
water samples.

2.3.2. Observation and Identification

The electron microscope (AOSVI, HK830–5870, China) was used to observe and
quantify the colour and shape of the MPs; the laser direct infrared chemical imaging
system (LDIR, Agilent 8700, Santa Clara, CA, USA) was used to scan all particles from the
filter membranes and the Agilent Clarity software (version 1.1.2) in this system analyzed
the MPs in each sample automatically and individually combined with its own spectral
library (Microplastic starter 1.0) to obtain all polymer types with a matching degree greater
than 0.80, as well as the number and size of particles in each type [29]. In addition, the
microstructures of different types of typical MP particles were observed using a scanning
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electron microscope (SEM, Hitachi S4800, Tokyo, Japan). All of the above were carried out
in a closed and dust-free environment.

Quantification of the characteristics and components of the MPs was conducted with
reference to the quantitative analysis method of Pivokonsky et al. [30].

Nm =
∑5

i=0 ∗Ni ∗ Sm

5S f
(1)

Ni is the number of MPs on each quadrate (particles/L, particles/kg), Sm ≈ 9.26 cm2 is the
contact area of impurities on a single high reflector, and Sf = 0.84 cm2 is the area of a single
s quadrate. The length of a quadrate is 12.5 mm and its width is 6.72 mm.

2.4. Potential Ecological Risk Assessment

The polymer risk index (RI) model was used to assess the polymer-related risks of
MPs pollution in the river. The ecological risk index H of MP polymers was calculated
as follows:

H = ∑ Pn × Sn (2)

Pn is the proportion of different MP types in the samples from each point, and Sn is the risk
scores of the different types of MP polymers [31].

The pollution load index (PLI) model was used to assess the overall extent of MP
pollution in the river. The abundances of MPs at the regional sample points were used as
the major indices according to the PLI model, which was proposed by Tolminson et al. [32].
The assessment model was defined as follows:

CFi = Ci/Coi (3)

CFi was defined as the ratio of the abundance of MPs (Ci) at each sampling point to the
minimum abundance of MPs (Coi) at each sampling point.

PLIi =
√

CFi (4)

PLIzone =
n
√

PLI1 × PLI2 × . . . × PLIn (5)

PLIi is the pollution load index of MPs for a single sample, while PLIzone represents the
pollution load index of MPs for the river.

The risk level classification for the two models is shown in Table 2.

Table 2. Risk level classification for the two models [31,32].

Model (Indexes)

Risk Category

I
(Very Low

Hazard)

II
(Low Hazard)

III
(Medium
Hazard)

IV
(High Hazard)

RI (H value) <10 10~100 100~1000 >1000
PLI (PLIzone value) <10 10~20 20~30 >30

2.5. Data Analysis

Microsoft Excel 2019 was used for data pre-processing and SPSS 26.0 (IBM Co. Ltd.,
Armonk, NY, USA) for correlation analysis. Origin 2018 (Origin Lab., Farmington, ME,
USA) and Microsoft Visio 2016 were used for data analysis and graph plotting.
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3. Results and Discussion

3.1. Spatial–Temporal Distribution of Microplastics
3.1.1. Abundance Distribution

Figure 2 shows the result of MPs in water and sediment samples from the 10 points
(S1–S10). The abundances of MPs in water and sediment were described by the number of
MP particles/L and the number of MP particles/kg dry weight, respectively.

 
Figure 2. Distribution of microplastics abundance at sampling points along the Shiwuli River. The
sampling points selected along the river were labelled as S1–S10. (a) Flood season; (b) Non-flood season.

In water, the average MPs abundance during the flood season was 8.4 ± 2.5 particles/L.
The maximum was at S5 (21.7 ± 4.6 particles/L), followed by S2 (12.5 ± 3.1 particles/L),
and the minimum was at S9 (1.8 ± 1.0 particles/L). The average MPs abundance during
the non-flood season was 5.8 ± 1.7 particles/L. The maximum also was observed at S5
(15.9 ± 4.2 particles/L), followed by S1 (11.6 ± 3.1 particles/L), and the minimum also
was at S9 (2.2 ± 0.4 particles/L). In sediments, the average MPs abundance
was 78.9 ± 8.3 particles/kg during the flood season. The maximum was at S5
(174.1 ± 10.1 particles/kg) and the minimum was at S8 (10.3 ± 2.8 particles/kg). The
average MPs abundance was 63.9 ± 7.1 particles/kg during the non-flood season. The maxi-
mum also was at S5 (143.6 ± 10.4 particles/kg) and the minimum was at
S9 (12.1 ± 3.2 particles/kg).

When combining the statistical results for the water and sediment samples, it can be
seen that the abundance of MPs was generally higher during the flood season (Figure 2a)
compared to that during the non-flood season (Figure 2b).

The spatial variation laws of MP abundances in water and sediment were generally
consistent and showed a trend of first increasing and then decreasing from upstream to
downstream of the river [33]. The MPs were mainly concentrated in the middle and lower
reaches of the river, influenced by the flow of the water [34]. The abundance of MPs in the
sediment samples was higher than that in the water samples. This is mainly due to the
fact that the water is poorly flowing in the middle reaches and stays stagnant for a long
period of time [28]. MPs in the middle reaches can generate an absorption effect and can
be wrapped by other substances, leading to their precipitation and accumulation over the
years. Research showed that MPs can be easily wrapped in gravel [35]. When the water
volume cannot meet the basic ecological flow requirement, MPs with a high density easily
precipitate in water, while MPs with a low density may be adsorbed by algae, thus further
increasing the ecological pollution load [14].

352



Water 2023, 15, 2330

The abundances of MPs from S4, S5, and S6 were higher than those of the other points.
Although these three points are located in the ecological landscape zone, they are all near
residential living areas or industrial development areas. MPs produced by household waste
and industrial waste are easily carried into rivers by surface rainfall runoff [18,36]. Sewage
treatment approaches can intercept MPs to some extent. Therefore, the abundances of MPs
in water at S3 and S7 were relatively low due to the influence of sewage treatment plant
supplementation into the river. Chen et al. demonstrated that wetland environments have
a significant effect on the removal efficiency of MPs. [37]. Due to the presence of wetlands,
the water and mudflat areas at S9 are relatively large, providing better conditions for the
natural degradation of MPs; this accounts for the low abundance of MPs at this point [38].

3.1.2. Shape Characteristics

According to previous studies, the shapes of MPs observed under the microscope
were divided into the following categories: particles, membranes, fragments, and fibers.
The shapes of the MPs observed via microscope are shown in Figure 3.

Figure 3. Shape characteristics of microplastics. “F1, F2 . . . F10” represent the proportion of MPs from
the relevant sampling points (S1, S2 . . . S10) during the flood season; “N1, N2 . . . N10” represent the
proportion of MPs from the relevant sampling points (S1, S2 . . . S10) during the non-flood season;
“Fa” represents the average proportion of MPs across all sampling points during the flood season
and “Na” represents the average proportion of MPs across all sampling points during the non-flood
season. (a) in Water; (b) in sediment.

The proportion of fibrous MPs was the highest (27.90–34%) and the proportion of
membrane MPs was the lowest (14.40–22.20%). The proportions of the MP shapes were
relatively uniformly distributed, which is consistent with a study of the Wuhe River Basin
in Poyang Lake and a study of the headwaters of Yangtze River [39]. Fibrous MPs can be
attributed, to some extent, to sewage discharge from laundries [40]. Studies indicated that
an average of more than 1900 fibers were produced by the cleaning of one cloth and more
than 700,000 fibers were produced by a machine washing of 6 kg of acrylic clothes [41].
Li et al. reported that the removal rate of fibrous MPs by sewage treatment plants can reach
93.9%, but some fibers may still enter rivers after processing [42]. Fibrous plastics, which
are also present in high proportions in air, can be precipitated directly with rainwater or
enter into rivers via surface runoff, especially during flood seasons, dramatically increasing
the concentration of fibrous MPs in a short period of time [43]. It is essential to note that
the proportion of membrane MPs produced by agricultural planting or plastic packaging is
not high. No anomalies in membrane MPs were detected at S8, which is located within
an agricultural production area. This might indicate that recent measures to strengthen
control over local agricultural plastic pollutants were relatively effective.
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3.1.3. Size Characteristics of MPs

The size of the MPs, as scanned by LDIR, was divided into four categories: 0–500 μm,
500–1000 μm, 1000–2500 μm, and 2500–5000 μm. The size analysis of MPs is presented
in Figure 4.

Figure 4. Size of microplastics determined by LDIR. “F1, F2 . . . F10” represent the proportion of MPs
from the relevant sampling points (S1, S2 . . . S10) during the flood season; “N1, N2 . . . N10” represent
the proportion of MPs from the relevant sampling points (S1, S2 . . . S10) during the non-flood season;
“Fa” represents the average proportion of MPs across all sampling points during the flood season
and “Na” represents the average proportion of MPs across all sampling points during the non-flood
season. (a) in Water; (b) in sediment.

In water, the abundance of MPs sized 0–500 μm was the highest (38.60%) and the
abundance of MPs sized 1000–2500 μm was the lowest (12.70%) during the flood season.
During the non-flood season, the abundance of 500–1000 μm MPs was the highest (34.10%)
and the abundance of 1000–2000 μm MPs was the lowest (15.30%). In sediments, the
abundance of 0–500 μm MPs was the highest and the abundance of 2500–5000 μm MPs was
the lowest (10.10%) during the flood season. During the non-flood season, the abundance
of 0–500 μm MPs was the highest and the abundance of 2500–5000 μm MPs was the lowest
(17.50%). There were equivalent proportions of MPs sized 0–500 μm and 500–1000 μm
during the flood season and non-flood season. The statistical analysis revealed that the
proportion of MPs sized 0–1000 μm was significantly higher (67–73.5%) when compared
with those sized 1000–5000 μm, indicating that small-sized MPs were predominant in the
Shiwuli River.

This is consistent with previous research results [44]. The volume of plastics decreases
continuously in the natural environment due to secondary weathering, erosion, wearing,
and degradation [45]. In the study by Murphy et al. [46], larger MPs were found to more
easily coagulate and precipitate during sewage processing, resulting in a higher proportion
of small-sized MPs being discharged into the river. Thus, the proportion of small-sized MPs
that are finally discharged into rivers is relatively high. Further, MPs < 1 mm in size are
easily making them attractive to aquatic organisms for ingestion and entering into the food
chain, posing greater pollution threats [9,47]. There were more large MPs in the range of
1000–2000 μm and 2500–5000 μm during the non-flood season than during the flood season.
It was reported that the size reduction of plastics in water bodies due to the hydraulic effect
is negatively related to the stability of the water environment [48].

3.1.4. Colour Characteristics

The colours of MPs observed by microscope can generally be divided into seven types
based on the colours white, red, green, blue, black, yellow, and hyaline in Figure 5.
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Figure 5. Colour characteristics of microplastics. “F1, F2 . . . F10” represent the proportion of MPs
from the relevant sampling points (S1, S2 . . . S10) during the flood season; “N1, N2 . . . N10” represent
the proportion of MPs from the relevant sampling points (S1, S2 . . . S10) during the non-flood season;
“Fa” represents the average proportion of MPs across all sampling points during the flood season
and “Na” represents the average proportion of MPs across all sampling points during the non-flood
season. (a) in Water; (b) in sediment.

In water, the proportion of red MPs was the highest (19.10%) and the hyaline MPs
was the lowest (6.80%) during the flood season. The proportion of red MPs also was
the highest (20.10%) and the proportion of blue MPs was the lowest (6.40%) during the
non-flood season. In sediments, the proportion of red MPs was the highest (17.00%) and
the proportion of hyaline MPs was the lowest during the flood season. The proportion
of red MPs was the highest (18.20%) and the proportion of blue MPs was the lowest
(5.80%) during the non-flood season. The colours of the MPs indicated that the MPs were
derived from extensive sources. The proportions of MPs of each colour were relatively
uniform; however, the proportion of red MPs was the highest. The proportion of black
MPs during the non-flood season was significantly higher than during the flood season.
This might be because the MPs can absorb more pollutants and for longer in static water
during the non-flood season, resulting in physical and chemical changes, which lead to
discolouration [48,49]. The morphological observations revealed that the red MPs were
mainly fibrous, the white and blue MPs were mainly particles, the green MPs were mainly
fragments, and the yellow and hyaline MPs were mainly membranes.

Generally speaking, the colour distribution of MPs in the Shiwuli River Basin was
relatively stable at the temporal scale, but there were differences in the spatial distributions.
This situation is similar to the MP distribution in the Xiangxi River Basin [50]. The pro-
duction and the consumption processes often involve colour modulation so as to improve
attraction. Colourful MPs may fade over time and with external stress. Hence, the pro-
portion of hyaline MPs in the sediment samples was significantly higher than in the water
samples and the proportion of hyaline MPs during the non-flood season was much higher
than during the flood season. In the fading process, common heavy metals in pigments
might be released into the water, resulting in heavier pollution [51]. Moreover, it was
demonstrated that small-sized colourful MPs are more easily attracted by aquatic animals
and enter the human biological chain after being eaten, thus posing health risks [49,52].

3.1.5. Composition Characteristics

All particles in the samples from the Shiwuli River were scanned by LDIR, and after
automatic comparison with the absorption peak profile of each MP polymer in the spectral
library, a total of eleven MP polymers, such as acrylates (ACR), chlorinated polyethy-
lene (CPE), ethylene vinyl acetate (EVA), polyethylene (PE), polyethylene terephthalate
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(PET), polypropylene (PP), polystyrene (PS), polyurethane (PU), polyvinylchloride (PVC),
polyamide (PA), and silicon, with matching degrees greater than 0.80, were identified.
Six common types of polymer, PE, PP, PET, PA, PS, and PVC, as well as others, were
selected for the proportional analysis. From Figure 6a, it can be seen that polyethylene (PE,
21.60%) dominates in water during the flood season, followed by polystyrene (PS, 15.60%).
During the non-flood season, the proportion of PE (19.30%) was the highest, followed by
the proportions of polypropylene (PP, 16.80%) and polyvinyl chloride (PVC, 15.50%). In
sediments (Figure 6b), the proportion of PP (22.70%) was the highest during the flood
season, followed by the proportions of PE (16.50%) and PVC (15.40%). The proportion
of PE (23.20%) was the highest during the non-flood season, followed by PP (21.80%)
and polyethylene terephthalate (PET, 18.10%). Generally speaking, the proportions of PE,
PP, and PVC were relatively high, with the proportion of PE being the highest. This is
consistent with other studies [34,53]. Examples of the qualitative results for the different
types of polymer particles are shown in Figure 7.

Figure 6. Composition characteristics of microplastics. “F1, F2 . . . F10” represent the proportion
of MPs from the relevant sampling points (S1, S2 . . . S10) during the flood season; “N1, N2 . . .
N10” represent the proportion of MPs from the relevant sampling points (S1, S2 . . . S10) during the
non-flood season; “Fa” represents the average proportion of MPs across all sampling points during
the flood season and “Na” represents the average proportion of MPs across all sampling points
during the non-flood season. (a) in Water; (b) in sediment.

 

Figure 7. Curves of different particle types identified by LDIR (matching degree > 0.80).

356



Water 2023, 15, 2330

Figure 8 shows the microstructure of common polymers scanned by SEM. The PEs
were fragmented in shape (Figure 8a) with porous and rough surfaces. The PPs exhibited a
membrane appearance (Figure 8b) with obvious fracture traces. The PETs were fragmented
(Figure 8c) with rough cracks on the surface. The PAs were fibrous shapes (Figure 8d) with
microfiber expenses on the surface. The PSs were particles (Figure 8e). The PVCs were
fragments (Figure 8f) with obvious wearing. The detection rate in sediment samples was
relatively high for PVC with a density of 1.38 g/cm3;. The proportions of PP and PE, with
low densities, were higher in the sediment samples, thus verifying their ability to adsorb
and accumulate other pollutants [54]. This will lead to increases in the densities of PP and
PE, resulting in their precipitation [55].

 
Figure 8. SEM images of common polymers. (a) PE; (b) PP; (c) PET; (d) PA; (e) PS; (f) PVC.

3.2. Pollution Risk Assessment of Microplastics

In the Shiwuli River, the risk index H and the pollution load index PLIzone were
calculated. The results are shown in Table 3.

Table 3. Risk assessment of microplastics in the Shiwuli River.

PE PP PET PA PS PVC

Sn [31] 11 1 30 50 871 30
(hazard score, highest level)

Seasons f. n.-f. f. n.-f. f. n.-f. f. n.-f. f. n.-f. f. n.-f.
(f.: flood; n.-f.: non-flood)

Pn (%)
Water 21.6 19.3 14.9 16.8 12.4 11.7 12.3 9.9 15.6 12.5 15.1 15.5

Sediments 16.5 23.2 22.7 21.8 13.5 18.1 11.9 4.8 9.6 9.9 15.4 12.2
H value
Water 2.38 2.12 0.15 0.17 3.72 3.51 6.15 4.95 135.88 108.88 4.53 4.65

Sediments 1.82 2.55 0.23 0.22 4.05 5.43 5.95 2.40 83.62 86.23 4.62 3.66
Risk level

Water I I I I I I I I III III I I
Sediments I I I I I I I I II II I I

PLIzone
Water PLIzone (f.) value is 2.24 (heavy pollution); PLIzone (n.-f.) value is 1.66 (moderate pollution)

Sediments PLIzone (f.) value is 2.34 (heavy pollution); PLIzone (n.-f.) value is 1.91 (heavy pollution) [32]

The risks of PE, PP, PET, PA, and PVC in the water were classified as Level-I and
the risk of PS was classified as Level-III. During the flood season, the PLIzone of MPs was
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2.24 in water and 2.34 in sediments, both reflecting heavy pollution. During the non-flood
season, the PLIzone of MPs was 1.66 in water and 1.91 in sediments, reflecting moderate
pollution and heavy pollution, respectively. The risk index of PS indicated a higher risk
degree in water than in sediments, whereas the PLIzone indicated that the pollution load in
the sediments was higher. This is mainly attributed to differences in the reference indices
between the two assessment models. The RI model uses the chemical toxicity of various
polymer types as the major index, without consideration of the influences of the abundances
of MPs. The PLI model uses the abundances of MPs as the major reference [31,32].

4. Conclusions

The spatial and temporal distribution characteristics of MPs in water and sediment
samples from 10 representative points along the Shiwuli River in Hefei during both flood
and non-flood seasons were studied. Additionally, an assessment of the ecological risks
associated with MP pollution was conducted.

There was a difference in particle abundance among ten points. Results show that
the water of the Shiwuli River had an average abundance of MPs of 8.4 ± 2.5 particles/L
during the flood season and 5.8 ± 1.7 particles/L during the non-flood season; the sedi-
ment had an average abundance of MPs of 78.9 ± 8.3 particles/kg during the flood season
and 63.9 ± 7.1 particles/kg during the non-flood season. The more abundance of MPs
exhibited at confluences with tributaries (S4, S5, and S6) were close to the residential and
industrial development, while lower values were identified in agricultural areas (S8) and
wetland ecological regions (S9 and S10). In water, the maximum appeared at S5 with
21.7 ± 4.6 particles/L during the flood season and 15.9 ± 4.2 particles/L during the
non-flood season, respectively; the minimum appeared at S9 with 1.8 ± 1.0 particles/L
during the flood season and 2.2 ± 0.4 particles/L during the non-flood season, respec-
tively. In sediment, the maximum appeared at S5 with 174.1 ± 10.1 particles/kg during
the flood season and 143.6 ± 10.4 particles/kg during the non-flood season, respectively;
the minimum appeared at S8 with 10.3 ± 2.8 particles/kg during the flood season and
at S9 with 12.1 ± 3.2 particles/kg during the non-flood season, respectively. Analy-
sis of MP characteristics showed that the MPs mainly exhibited a fibroid morphology
(27.90–34%), likely originating from laundry activities and packaging breakage, and red-
coloured particles (19.10%) within the smaller size less than 500 μm (38.60%) were more
prevalent, making them attractive to aquatic organisms for ingestion. Additionally, results
of MP identification show that a total of 11 types of polymers were found in the river
water and sediment by using LDIR. According to matching analysis, these particles were
identified as ACR, CPE, EVA, PE, PET, PP, PS, PU, PVC, PA, and silicone. Among them, PE
emerged as the most prevalent polymer type (19.3−21.6%) due to its widespread use in
daily life and relatively low cost.

The ecological risk assessment of different types of MP polymers revealed that during
both flood and non-flood seasons, the risk levels of PS were classified as III in water and
II in sediments in the Shiwuli River. However, for all other polymer types, the risk levels
were categorized as I. The overall assessment of the MP pollution load of the Shiwuli River
showed that during the flood season, the PLIzone value for water was 2.24, indicating heavy
pollution, while during the non-flood season, it was 1.66, indicating moderate pollution. In
the case of sediments, the PLIzone value was 2.34 during the flood season and 1.91 during
the non-flood season, both indicating heavy pollution. These findings suggest that the
MP pollution in the Shiwuli River poses a significant risk to the drinking water source of
Chaohu Lake. This study aligns closely with other similar studies, as shown in Table 4.
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Table 4. Comparison of the results of this study with other studies.

Research Object Country Abundance
Assessment

Models
Results of Assessment References

Coast of India India 12.22–439 items/kg
in sediment

Pollution load
index (PLI)

PLI of west coast of India:
3.03–15.5 (heavy pollution)
PLI of east coast of India:

1–6.14 (moderate to
heavy pollution)

[21]

Chagan lake and
Xianghai lake China

Chagan Lake:
3.61 ± 2.23 particles/L;

Xianghai lake:
0.29 ± 0.11 particles/L

Risk index (RI)
Levels-III (heavy pollution)

in Chagan Lake and
Xianghai Lake

[22]

Manas River Basin China
17 ± 4 items/L (April)
14 ± 2 items/L (July)

Risk index (RI) Most of the study areas:
Level-III (heavy pollution) [56]

Pollution load
index (PLI)

All the sampling sites:
slightly polluted

Moheshkhali
channel of

Bangladesh
Bangladesh

Sediment:
138.33 items/m2

Water:
~0.1 items/m3

Pollution load
index (PLI)

PLIsediments:
2.51 (heavy pollution)

PLIsurface water:
1.67 (moderate pollution)

[57]

Shiwuli River
(this study) China

Water:
Flood season (f.):

8.4 ± 2.5 particles/L
Non-flood season (n.-f.):

5.8 ± 1.7 particles/L;
Sediment:

Flood season (f.):
78.9 ± 8.3 particles/kg

Non-flood season (n.-f.):
63.9 ± 7.1 particles/kg.

Risk index (RI)
PS: Level-III in water and

Level-II in sediments;
Other polymers: Level-I

-

Pollution load
index (PLI)

Water:
PLIzone (f.): 2.24

(heavy pollution);
PLIzone (n.-f.): 1.66

(moderate pollution)
Sediments:

PLIzone (f.): 2.34
(heavy pollution);
PLIzone (n.-fl.): 1.91
(heavy pollution)

The findings of this study indicate that further research into the degradation of MPs in
several urban inland rivers that discharge into lakes that are the sources of drinking water
is recommended. Emphasis should be placed on enhancing non-point source pollution
control measures in urban river basins, including the implementation of infrastructure
improvements, such as rainwater and sewage separation systems. These measures can
effectively impede land-based MP entry into these rivers. Additionally, research should
be conducted on effective engineering techniques for removing MPs, particularly those
of smaller particle sizes, during sewage treatment processes. Urban inland rivers should
be equipped with comprehensive water management systems to ensure ecological basic
flow, and the natural degradation of MPs should be promoted through ecological methods,
as is the case with constructed wetlands. From a regulatory standpoint, it is necessary to
establish MPs risk assessment standards and conduct regular assessments of MP pollution
in key rivers and lakes.
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Abstract: Microplastic concentrations in surface water and wastewater collected from Daugavpils
and Liepaja cities in Latvia, as well as Klaipeda and Siauliai cities in Lithuania, were measured in
July and December 2021. Using optical microscopy, polymer composition was characterized using
micro-Raman spectroscopy. The average abundance of microplastics in surface water and wastewater
samples was 16.63 ± 20.29 particles/L. The dominant shape group of microplastics in water was fiber,
with dominant colors found to be blue (61%), black (36%), and red (3%) in Latvia. Similar distribution
in Lithuania was found, i.e., fiber (95%) and fragments (5%) with dominant colors, such as blue
(53%), black (30%), red (9%), yellow (5%), and transparent (3%). The micro-Raman spectroscopy
spectra of visible microplastics were identified to be polyethylene terephthalate (33%) and polyvinyl
chloride (33%), nylon (12%), polyester (PS) (11%), and high-density polyethylene (11%). In the
study area, municipal and hospital wastewater from catchment areas were the main reasons for the
contamination of microplastics in the surface water and wastewater of Latvia and Lithuania. It is
possible to reduce pollution loads by implementing measures such as raising awareness, installing
more high-tech wastewater treatment plants, and reducing plastic use.

Keywords: microplastics; occurrence; distribution; surface water; wastewaters

1. Introduction

The emergence of plastic as a major component of modern life began in the 1950s and
has grown exponentially ever since. Plastic production and consumption are estimated
to have reached 368 million tons in 2019, representing an increase of over 200% from the
pre-1950s era [1]. As a result, plastic has become an omnipresent component of our lives
and is found in nearly every household and commercial space. Such widespread use
and disposal of plastics have raised significant environmental concerns, such as plastic
pollution, which have become global issues in recent years. Plastics are often preferred to
other materials due to their durability, malleability, low cost, versatility, and impermeability.
However, concerns are increasingly being raised about the persistence and accumulation of
plastics in the environment [2,3]. An increase in environmental concentrations of plastics is
expected due to increased demand and production and a lack of adequate waste processing
capacity [4]. Microplastic (MPs) in the aquatic environment originate from intentional
and unintentional losses of plastics and MPs, such as littering, loss of fishing gear, loss
of granules used for manufacture, and release in wastewater effluents [5–7]. In order to
be more effective at removing MPs from the environment, advanced techniques must
be developed for wastewater treatment plants (WWTPs) [8]. Several studies have been
conducted on microplastic (MP) pollution in the Baltic Sea and adjacent countries, showing
high rates of MP pollution [9–19].
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The Baltic Sea is one of the world’s largest brackish water bodies and includes the
Kattegat, which is home to 6065 species overall, including 1700 phytoplankton, 442 phyto-
benthos, 1199 zooplankton, 569 meiozoobenthos, 1476 macrozoobenthos, 380 vertebrate
parasites, 200 fish, three seal species, and 83 bird species [20]. This richness in species
diversity highlights the sensitivity of the environment to pollution and the need for more
knowledge and understanding of the prevalence and behavior of MPs in the region.

2. Materials and Methods

2.1. Sample Collection and Sample Preparation

In Latvia and Lithuania, a comprehensive sampling campaign was conducted in
July and December 2021 to evaluate the water quality in various locations within each
city. In Daugavpils and Liepaja (Latvia) and Klaipeda and Siauliai (Lithuania), a total of
32 water samples were collected from four different sites in each city, including influent,
effluent, upstream, and downstream locations (Lithuania). Before and after treatment,
influent (n = 8) and effluent (n = 8) samples were collected at each sampling site. Following
wastewater treatment, 16 samples of background surface water from upstream (n = 8) and
downstream (n = 8) points were collected at a distance of 500 m from the discharge point.
Notably, the upstream and downstream samples (SLV3/WLV3, SLV4/WLV4) of Liepaja
were collected in the Baltic Sea, above the wastewater discharge point, where brackish
water is present. Indeed, four samples were collected from each city in July and December.
Figure 1 and Table S1 provide additional information on sampling locations and methods.

Figure 1. Sampling stations of Latvia and Lithuania.

2.2. Sample Preparation

In July and December 2021, 200 mL samples were collected from the influent, the
effluent, the upstream, and the downstream. The pH, temperature, and dissolved oxygen
of the samples were measured at the time of collection using the Multi 9630 IDS, WTW,
ODO200, EcoSense, and ODO200, EcoSense instruments, respectively (Table S1). The water
samples were stored at −20 ◦C in appropriate storage containers that were clean, dry, and
properly labeled with the date and location of the sample. After that, the samples were
removed from storage and allowed to come to room temperature. 20 mL of hydrogen
peroxide solution 30% (Merck, Germany) was added to each sample bottle and shaken for

364



Toxics 2023, 11, 292

2 h at room temperature. The samples were filtered through a pre-weighed 0.45 μm, 47 mm
white-gridded mixed cellulose-ester membrane filter (Frisenette, Denmark).

2.3. Laboratory Analysis
2.3.1. Optical Microscopy Analysis of the Microplastics

Analysis via optical microscopy is a common technique for examining MPs in water
samples. However, it may not always be possible to differentiate plastic particles from
other organic or inorganic materials based solely on their morphological characteristics. To
confirm the identity of the particles, additional analytical methods, such as micro-Raman
spectroscopy, are required. In our study, we analyzed the quantity, color, shape, and
size of the suspected MPs using optical microscopy as the initial step in plastic screening
for all samples. Using optical microscopy, small fragments of shells and other materials
may be misidentified as MPs. We used micro-Raman spectroscopy to detect and confirm
the presence of MP particles in the water samples in order to address this issue. We
utilized a Nikon SMZ800N stereo microscope with a camera and an Olympus KL 1500 LCD
microscope to directly examine filter samples obtained in situ. The particle sizes were
classified into four categories: <0.25 mm, 0.25–0.5 mm, 0.5–1 mm, and 1–5 mm.

Optical microscopy is a reliable technique for detecting and analyzing MPs because
it permits the visualization and characterization of the particles at relatively high magni-
fication. Notably, optical microscopy has limitations when it comes to the detection and
analysis of MPs. Optical microscopy is only able to detect MPs that are large enough to be
resolved by the objective lens. This means that optical microscopy may not be able to detect
MPs that are smaller than 50 μm in size. Optical microscopy can only detect transparent or
semi-transparent MPs due to the technique’s reliance on light transmission through the
sample. MPs that are opaque, such as those that are black or extremely dark in color, may
not be detectable with optical microscopy. In addition, certain types of MPs, such as those
composed of particular plastics or coated with particular substances, may be difficult to
visualize using optical microscopy due to the way in which they scatter light. Overall, while
optical microscopy can be a useful tool for detecting and analyzing MPs, it is important
to consider its limitations and to use other techniques, such as Raman spectroscopy, in
conjunction with optical microscopy in order to obtain a complete understanding of the
MPs in a sample.

2.3.2. Micro-Raman Spectroscopy Analysis of the Microplastics

Visual observation can detect millimeter-sized plastic particles, but identifying the
specific type of plastic requires advanced spectroscopic techniques, such as Fourier trans-
form infrared spectroscopy, micro-Raman spectroscopy, optical microscopy, and scanning
electron microscopy in combination with energy dispersive X-ray spectroscopy [21,22].
These techniques enable a detailed analysis of the chemical composition and structural
properties of MPs, allowing for a greater comprehension of their environmental impact.
Micro-Raman is used to determine the type of polymer and to specify the particle size
and distribution of MP particles [23]. Specifically, the Raman technique is gaining ground
rapidly in the analysis of MPs due to its higher spatial resolution (1 μm), broader spectral
coverage, greater sensitivity to non-polar functional groups, lower water interference,
and narrower spectral bands [24]. In addition, micro-Raman is an indispensable tool for
the analysis of very small MPs (<20 μm) [25]. The micro-Raman technique is a powerful
analytical tool that can be used to identify and characterize materials. It is a non-destructive
technique that can be used to analyze a wide range of materials, including polymers, metals,
semiconductors, and biological samples. Micro-Raman spectroscopy is an effective and effi-
cient technique for detecting and identifying MPs in water samples. It is a non-destructive,
sensitive, fast, inexpensive, and safe technique that can be used in a variety of settings. The
polymeric composition of a selection of MPs from different locations and of different sizes
and shapes were determined using a micro-Raman spectrometer (LabRAM HR, Horiba,
Japan) with a laser of 785 nm, a Raman shift of 400–1800 cm−1 and acquisition times
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between 20 and 30 s. We used a microscope, needle, and tweezers to transfer MPs onto a
conductive copper adhesive. To identify the polymers present, we utilized a tool called
Open Specy (https://openanalysis.org/openspecy/) (accessed on 15 December 2022). This
online, open-access database was developed by Cowger et al. [26] and enables users to
compare spectra for material identification.

2.3.3. Quality Assurance and Quality Control

A plastic avoidance procedure was taken prior to sampling, as all sampling containers
and tools were washed with water, previously filtered through a white-gridded mixed cel-
lulose ester membrane filter with a diameter of 47 mm and pore size of 0.45-μm (Frisenette,
Denmark) and sealed. A blank sample procedure was developed to estimate the amount
of contamination caused by the experiment to prevent sampling and analysis errors. It
was confirmed that the blank samples were free of MP pollution. In addition, we used
100% cotton clothing and glass laboratory materials, wrapped materials immediately after
treatments, and rinsed and cleaned all instruments prior to conducting laboratory analysis
in the laboratory. To ensure that no microparticles remained in the solutions, all chemical
solutions were filtered with sterile filter paper. A hydrogen peroxide test was provided
for sample preparation [27]. In addition, SPSS Statistics 23.0 software was used for data
analysis. The Kruskal-Wallis test was applied to the data on MPs occurrence and distribu-
tion in surface freshwater and wastewaters of Latvia and Lithuania to determine if there
were statistically significant differences between four groups: summer samples in Latvia
(SLV), winter samples in Latvia (WLV), summer samples in Lithuania (SLT), and winter
samples in Lithuania (WLT) (WLT). At a confidence level of 95%, the test statistic value of
0.466 indicated that there was no significant difference in the median levels of MPs between
the groups.

3. Results

3.1. Optical Microscopy Results

A comprehensive analysis of the presence and abundance of MPs in various water
samples was conducted. As detailed in Tables S2 and S3, 103 particles were detected
and recorded in total (Tables S2 and S3). It was determined that the average MP par-
ticle concentration in the influent was 5.00 ± 5.35 particles/L; in the effluent, it was
28.33 ± 23.17 particles/L, upstream it was 24.29 ± 31.55 particles/L, and downstream it
was 15.00 ± 10.00 particles/L. It has been determined that the average concentration of
MP particles in the cities of Liepaja, Daugavpils, Klaipeda, and Siauliai varies seasonally.
In the summer, the MP particle concentration in Liepaja is 12.5 ± 11.90 particles/L; in
Daugavpils, it is 28.75 ± 22.87 particles/L; in Klaipeda, it is 13.75 ± 11.09 particles/L, and
in Siauliai, it is 27.5 ± 19.36 particles/L. In the winter, the MP particle concentration in
Liepaja is 0.5 ± 3.54 particles/L; in Daugavpils, it is 0.25 ± 2.50 particles/L; in Klaipeda, it
is 26.25 ± 42.70 particles/L, and in Siauliai, it is 11.25 ± 7.50 particles/L.

The average concentration of MPs ©n effluent samples is significantly higher than
in influent samples, according to this study. The average concentration of MP particles
was determined to be 28.33 ± 23.17 particles/L in the effluent and 5.00 ± 5.35 particles/L
in the influent. Multiple factors may contribute to the increased concentration of MPs in
effluent samples. One factor is that the water treatment process is ineffective at removing
MPs. A source of MPs may also exist within the treatment facility, such as the breakdown
of larger plastic items or the release of microfibers from textiles during laundering. In
addition, the accumulation of MPs within the treatment facility over time may also have
contributed to the increased concentration of MPs in effluent samples. This finding has
significant implications for the management and treatment of wastewater, as it suggests
that current treatment methods may not be fully effective at removing or reducing the
abundance of MPs.

In 2021, samples from Lithuania fell within the smallest and biggest size category,
with 11% and 47% of the samples averaging <0.25 mm and 1–5 mm, respectively. In Latvia
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and Lithuania, most samples were less than 1–5 mm in size. Moreover, the shape of MPs
was evaluated. Fiber-shaped particles made up 95% of the samples from Lithuania and 5%
of fragment shapes. Similarly, Latvia samples were primarily composed of fiber-shaped
particles. Most of the particles found in Latvian samples were blue and black (61% and
36%) (Figure S2).

3.2. Micro-Raman Spectroscopy Results

A micro-Raman spectroscopy analysis was conducted on nine samples, representing
28% of the total sample population. These results provide important evidence for further
investigation into the structure and composition of these samples.

Figure 2 depicts the micro-Raman spectra of HDPE MPs in Klaipeda’s upstream
water, wastewater influent, wastewater effluent, and downstream water samples. The
characteristic peaks at 1002 cm−1, 1160 cm−1, and 1450 cm−1 in the micro-Raman spectra
of HDPE MPs are attributed to the CH_2 bending mode, CH_2 wagging mode, and CH_2
rocking mode, respectively. The peak at 1694 cm−1 is due to the C = O stretching mode,
which likely originates from an adhesive or coating material on the MP's surface. The
similar intensities and peak positions of the spectra in panels (A) and (B) indicate that
the concentration and composition of HDPE MPs in upstream and influent water are
comparable. However, the spectra in panels (C) and (D) have lower intensities and peak
shifts than those in panels (A) and (B), indicating that the concentration and composition of
HDPE MPs in the upstream and wastewater influent are different from those in the effluent
and downstream. This figure indicates that HDPE MPs are present in Klaipeda’s surface
freshwater and wastewater and that their concentration and composition are influenced by
wastewater treatment processes.

The results of the micro-Raman analysis of selected MPs indicated that there were five
types of polymers. The most commonly encountered polymers among the fibers analyzed
were polyethylene terephthalate (PET) (33%) and polyvinyl chloride (PVC) (33%), with
lower percentages of nylon (NL) (12%), polyester (PS) (11%), and HDPE (11%) also detected
(Figure S1). For instance, Figure 2 compares the micro-Raman spectra of HDPE MPs in
surface freshwater and wastewater in Klaipeda, Lithuania. These comparisons shed light
on the occurrence and distribution of HDPE MPs in surface freshwater and wastewater.
Spectra from four distinct locations were analyzed and compared: upstream, wastewater
influent, wastewater effluent, and downstream. The results indicate that all spectra exhibit
an HDPE-specific peak. However, the intensity of the HDPE peak differs between spectra,
indicating that the concentration of HDPE MPs in the various locations differs. The
downstream and effluent spectrum has the lowest intensity, whereas the upstream and
influent spectrum has greater intensity, indicating a greater concentration of HDPE MPs
in the wastewater. Overall, the comparisons of micro-Raman spectra shown in Figure 2
demonstrate the widespread presence of HDPE MPs in surface freshwater and wastewater
in Klaipeda. In addition, the results suggest that wastewater treatment processes may not
be able to completely remove HDPE MPs from wastewater before it is discharged into the
environment. Most of the particles analyzed via micro-Raman analysis were white (45%) or
blue (33%). Black and red had the lowest rate among colors, with 11% each. This suggests
that WWTPs may not be removing all pollutant particulates from the water, which could
lead to adverse environmental impacts. In order to improve water quality, it is important
to identify the sources of these pollutants and to implement measures that will reduce
their presence in the water. The results of the micro-Raman analysis revealed that the vast
majority of pollutants were between 1–5 mm (33%) and 0.5–1 mm (33%). A significantly
smaller percentage of pollutants were between 0.25–0.5 mm (22%), while an even smaller
percentage was below 0.25 mm (12%). These results suggest that there are a variety of
pollutant sizes present in the surface water, which could have considerable impacts on
water quality and the environment. Moreover, the shape of MPs was evaluated, and all
of the particles were fiber-shaped. This is an indicator of the potential sources of the MPs
in materials, such as synthetic textiles, which have been identified as potential sources of

367



Toxics 2023, 11, 292

these contaminants. Additionally, the evaluation of MPs allowed for a comparison between
the cities regarding their wastewater treatment efficiency. The results from this comparison
will be used to guide further research into wastewater treatment and its potential effects on
water quality.

Figure 2. High-Density Polyethylene (HDPE) micro-Raman spectrum comparisons: (A) upstream in
Klaipeda; (B) wastewater influent in Klaipeda; (C) wastewater effluent in Klaipeda; and (D) down-
stream in Klaipeda.

4. Discussion

4.1. Study Limitations

This study has several limitations that should be noted. First, there were relatively few
samples collected, which might limit the generalizability of the findings. In addition, the
study concludes that municipal wastewater from catchment areas was the primary source
of MP contamination in the surface water and wastewater of Latvia and Lithuania and
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suggests implementing pollution-reduction strategies, such as raising awareness, installing
more high-tech WWTPs, and reducing plastic use. However, the study has a limited sample
size and limited sampling periods, and the results may not be representative of other
regions or seasons.

4.2. Microplastic Comparison in Latvia, Lithuania, and Other Aquatic Environments

In Latvia and Lithuania, there has been limited research on the levels of MPs in surface
water and wastewater. It is important to study these levels in order to better understand
the occurrence and distribution of MPs in these countries and to identify potential sources
of contamination. By comparing the concentrations of MPs in Latvian and Lithuanian
surface water and wastewater to those in other countries, researchers can gain a better
understanding of the global distribution of MPs and the potential impacts they may have
on aquatic ecosystems (Table 1).

The detection of MPs In aquatic environments, such as surface water and wastewater,
has been extensively documented in the scientific literature. For instance, MPs have been
detected in aquatic environments, such as brackish water [12], surface water [9], wastewater
influent [28], and wastewater effluent [29]. This study is the first to report the occurrence of
MPs in surface water and wastewater in Latvia and Lithuania, where they were found to
have various shapes, colors, and sizes and to be composed of a range of polymers. Surface
water and wastewater contain polymers with toxic and carcinogenic properties that may
originate from industrial discharges, agricultural runoff, and sewage. Certain plastics, such
as PVC and PET, and synthetic rubbers, such as neoprene, are examples of toxic polymers
that can be found in surface waters and wastewater. Here, MPs were identified as having
several shapes (fibers and fragments), various colors (transparent, yellow, red, blue, and
black), and sizes (<0.25, 0.25–0.5, 0.5–1, and 1–5). Additionally, PET, PVC, NL, and PS
polymers were determined in the form of a variety of polymers in various colors, forms, and
sizes, demonstrating the diversity of MPs sources. The diversity of MPs sources observed
in this study suggests that they may be coming from a variety of sources, including ships,
wind, urban wastewater, and hospital wastewater. It can be said that MPs found in surface
water and wastewater samples are likely to have originated from ships [30], wind [31],
urban wastewater [32], and hospital wastewater [33].

The number of MPs identified in 32 samples of influent, effluent, upstream, and
downstream ranged from zero (not detected) in two samples to 11 in samples SLT6 and
WLT3. Besides, RA analysis showed different polymers, namely PET, PVC, NL, and PS,
in 9 samples. There is a lack of information about the concentration of MPs in Latvia and
Lithuania, making comparing this value with literature concentrations of MPs in surface
water and wastewater problematic. For instance, one study on MPs in Lithuania detected
2982 ± 54 particles/L in the influent and 1244 ± 21 particles/L in the effluent [34]. In
another study, [9] found 4430 particles/L in the Gulf of Riga.

Table 1. The abundance of MPs found in surface water and wastewater from different locations in
the world, with the most abundant morphology, color, and chemical composition.

Location Abundance (Particles/L) Shape Size Color Polymer Reference

Latvia 3.50 ± 2.38 1 Fiber <0.25 mm
0.5–1 mm
1–5 mm

Red
Blue
Black

PET
PVC
NL
PS

This study

Lithuania 7.50 ± 6.45 1 Fiber <0.25 mm
0.25–0.5 mm
0.5–1 mm
1–5 mm

Red
Blue
Black

PET
PVC
NL
PS

This study
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Table 1. Cont.

Location Abundance (Particles/L) Shape Size Color Polymer Reference

China 10.5 ± 2.5 1 Fragments 0.01–0.1 mm
0.1–1 mm
1–5 mm

Transparent
White
Blue
Black
Yellow

PE
PS
PP
PVC

[35]

China 654 1 Fibers
Fragments

50–100 μm
100–200 μm
200–500 μm
500–5000 μm

- - [36]

Portugal 231 1 Fragments
Spherule
Fibers

- Black
Blue
Brown
White

- [37]

Iran 0.027 ± 0.042 1 Spherule
Fibers

0.05–0.5 mm
0.5–1 mm
1–2.5 mm
2.5–5 mm
>5 mm

Red - [38]

Lithuania 33.75 ± 40.08 2 Fiber
Fragment

<0.25 mm
0.25–0.5 mm
0.5–1 mm
1–5 mm

Transparent
Yellow
Red
Blue
Black

PET
PVC
NL
PS

This study

Latvia 11.67 ± 12.58 2 Fiber <0.25 mm
0.25–0.5 mm
0.5–1 mm
1–5 mm

Blue
Black

PET
PVC
NL
PS

This study

Lithuania 2982 ± 54 2 Fiber
Fragment
Pellet

20–50 μm
50–100 μm
100–200 μm
200–500 μm
500–1000 μm

Black
White
Transparent
Brown
Yellow
Blue
Other

PET
PS
PP

[34]

Lithuania 1244 ± 21 2 Fiber
Fragment
Pellet

20–50 μm
50–100 μm
100–200 μm
200–500 μm
500–1000 μm

Black
White
Transparent
Brown
Yellow
Blue
Other

PET
PS
PP

[34]

1 Surface water. 2 Wastewater. CE—Cellulose, ET—Ethylene, EVA—Poly (Ethylene Co Vinyl Acetate),
HDPE—High—density polyethylene, NL—Nylon, PAA—Poly (Acrylic Acid), PE—Polyethylene, PEL—Poly
(ether- urethane), PET—Polyethylene terephthalate, PP—Polypropylene, PS—Polystyrene.

4.3. Challenges and Potential Solutions for Removing Microplastics from Wastewater

Several filtration systems can be used to remove MPs from wastewater. These systems
typically use physical or chemical processes to capture and remove MPs from the water.
One type of filtration system that is commonly used to remove MPs from wastewater is a
microfiltration system [39]. Another type of filtration system that can be used to remove
MPs from wastewater is ozonation [23]. Other types of filtration systems that can be used
to remove MPs from wastewater include gravity filters [40], sand filters [40], ultraviolet
radiation [40], chlorination [40], advanced oxidation processes [41], and activated carbon
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filters [40]. Because MPs are so small and can easily pass through a variety of filters, there
is no known filtering system that can remove 100% of MPs from wastewater. Efforts are
ongoing to develop more effective methods for removing MPs from water, but it is currently
impossible to eliminate them entirely from wastewater.

4.4. Untested Hypotheses and Potential Avenues for Future Research

There are several hypotheses that remain untested and potential avenues for future
research that have been identified in this study. The first step is to identify the sources of
MPs in Latvian and Lithuanian surface freshwater and wastewater in order to develop
effective mitigation strategies. Secondly, further research is needed to determine how MPs
are transported in freshwater systems. The transport of MPs can be affected by factors
such as water flow rate, temperature, and sedimentation. Thirdly, it is unclear what effect
MPs will have on freshwater ecosystems. A comprehensive assessment of MPs' effects on
aquatic organisms and the environment is essential. Fourthly, to comprehend the long-term
consequences of MP pollution, it is necessary to investigate the fate and persistence of MPs
in freshwater systems. Lastly, it is necessary to investigate the occurrence and distribution
of MPs in groundwater systems in order to identify potential sources and pathways of MPs
and their potential environmental impacts.

5. Conclusions

This study presents the first assessment of the abundance and physical and chemical
characteristics of MP litter from 16 sampling points located on the influent, effluent, up-
stream, and downstream locations in Latvia and Lithuania on the Baltic Sea. For this study,
optical microscopy and micro-Raman spectroscopy methods were chosen to analyze sam-
ples because optical microscopy can observe color, shape, and size, while micro-Raman can
identify polymer types and identify small MPs with a size of 20 microns; the combination of
optical microscopy and micro-Raman spectroscopy allows accurate quantification of MPs
and polymeric recognition. Finally, MPs detected in surface water and wastewater were
mainly polymeric structures with various shapes, sizes, and colors. The nature of the differ-
ent MPs indicates that the majority were secondary in nature, probably originating from
rivers near the sampling stations, which receive municipal and industrial wastewater. As a
result of the chemical characterization, polymers were identified as being very common in
household waste, demonstrating the source of MP pollution. In addition, surface water and
wastewaters contain polymers with toxic and carcinogenic properties. Having these data
to evaluate the pollution caused by MPs on a local scale is fundamentally essential. As well
as identifying the primary sources of pollution, they will serve as a basis for identifying
possible accumulation hotspots.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics11040292/s1, Figure S1: Types of polymers detected by
RS in 9 water samples in Latvia and Lithuania.; Figure S2: Images of MPs observed in Latvia and
Lithuania; (A) black fibers with a length of 1.1 mm in Klaipeda upstream, (B) black fibers with a length
of 0.7 mm in Klaipeda effluent, (C) black fibers with a length of 0.6 mm in Siauliai influent, (D) black
fibers with a length of 1.06 mm and 1.08 mm in Siauliai effluent, (E) black fibers with a length of
1.09 mm in Liepaja upstream, (F) black fibers with a length of 0.9 mm in Liepaja downstream, (G) black
fibers with a length of 2.06 mm and 0.6 mm in Daugavpils influent, (H) black fibers with a length
of 1.08 mm and 0.6 mm in Daugavpils effluent.; Table S1: Sampling location and physicochemical
properties of influent, effluent, upstream and downstream in Latvia and Lithuania.; Table S2: Size,
shape, and color of MP particles in surface water and wastewater of Latvia.; Table S3: Size, shape,
and color of MP particles in surface water and wastewater of Lithuania.
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Abstract: Since microplastics are considered harmful to the human body, studies on their samplings,
pretreatments and analyses environmental media, such as water, are continuously being conducted.
However, a standard sampling and pretreatment method must be established, particularly because
microplastics of a few micrometers in size are easily affected by external contamination. In this
study, a microplastic sampling device was designed and developed to obtain a high recovery rate
of microplastics and prevent plastics contamination during all processes. For the evaluation of the
developed device, microplastic reference materials were produced and used, and computational fluid
dynamics (CFD) analysis was performed. This device has not only been applied to the relatively
large previously studied microplastics (100 μm) but also to microplastics of approximately 20 μm
that are vulnerable to contamination. A recovery rate of 94.2% was obtained using this device, and
the particles were separated by filtration through a three-stage cassette. In conclusion, we propose a
method to increase the accuracy and reproducibility of results for microplastic contamination in the
environment. This method is able to consistently obtain and manage microplastics data, which are
often difficult to compare using various existing methods.

Keywords: microplastics; sampling device; CFD analysis; recovery rate; size classification

1. Introduction

Microplastics are plastics with a diameter of less than 5 mm. They are classified as
either primary and secondary microplastics, which are produced by human activities and
environmental decomposition, respectively. Recently, microplastics have attracted much
research attention because of their toxicity, bioaccumulation [1–4], and organic matter
transportation [5]. Microplastics can cause contamination problems in all environmental
media, such as fresh water, tap water, sea, air, and soil [6–10]. Secondary microplastics are
microplastics produced by the decomposition of discharged plastics and pose a higher risk
to the environment and life forms as their size decreases over time [11–14]. In particular,
microplastics with sizes of a few microns are involved in bioaccumulation and organic
matter accumulation [1,5,15]. However, research on microplastic sampling and analysis
methods is being actively conducted, and ISO standardization is in progress (ISO/DIS
24187).

The most widely used devices for isolating plastic particles in the aqueous phase are
the manta trawl, plankton net, and Van Dorn sampler [16]. However, there are disadvan-
tages to using these samplers, and additional equipment, such as a boat, is required to
transport large samplers during the research process. Additionally, a manta trawl can-
not be used for microplastics of less than 50 μm in diameter, and it is difficult to control
tool contamination [17–20]. To overcome these problems, in this study, small-sized mi-
croplastic samples were collected using the encapsulation and centrifuge methods [17,19].
The encapsulation method consumes less energy, easily controls pollution, and collects
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microplastics of a few microns in diameter depending on the pore of the woven stainless
filter. To improve the device and ensure efficiency, a CFD analysis was conducted to check
the fluid flow inside the device, and to identify, predict, and correct the cause of sampling
loss. This analysis can identify the cause of a problem by comparing it with the actual
result and performing an improved complementary analysis. In addition, in the case of
fouling that occurs in sample collection using a filter, studies are currently being conducted
to increase the efficiency of sample collection by finding the cause of pressure decreases
through CFD [21,22]. In this study, the cause of the pressure decrease that may occur during
filter filtration was predicted using modeling and used to solve the problems of previous
studies.

Fragments of microplastics present in devices, which are only a few microns in size, can
affect the analysis results [23]. The microplastics present in a typical laboratory environment
can affect microplastic samples with sizes of a few microns [24–26]. In another study of
ours, POM fragments were found in environmental and falling blank samples during the
sampling process, which used a polyoxymethylene (POM) cassette in the most commonly
used low-volume air sampler. However, as a result of using a stainless filter and cassette,
the POM cassette was no longer found in the atmospheric sample (Figure 1 and Table 1).

 

Figure 1. μ-Raman result of (a) air blank sample and (b) air sample for POM cassette.

Table 1. μ-Raman result for POM and STS cassettes.

Cassette
Material

Sample
PET PS PVC PE PP POM

(#/m3)

POM
Passive sample 0 0.209 0 1.044 0.209 0.209
Active sample 0.417 0.417 0 4.174 2.087 0.209

STS Active sample 2.805 0.301 0 41.675 0 0

Although the need for contamination control has been frequently reported, the control
method used in each study is different. For instance, one study used high-temperature treat-
ment to remove plastic contamination [25]. Another study conducted by Hermsen et al. [27]
found that “laboratory preparation” has the second lowest performance in the quality as-
sessment of microplastics. The aim of this study was to develop a high-efficiency and
low-cross contamination device to sample microplastics a few microns in sizes and separate
them by sizes. A CFD analysis was then used to identify and improve the mechanical
defects and sample losses in the developed device.
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2. Materials and Methods

2.1. Reagents

A 35% hydrogen peroxide (H2O2) solution was purchased from Daejung Chemical &
Metals Co., Ltd., Seoul, Republic of Korea. Ethyl alcohol (C2H6O, 99%) solution and zinc
chloride (ZnCl2, 98%) powder were purchased from DUKSAN Pure Chemicals, Inc., Seoul,
Republic of Korea. The high-performance liquid chromatography (HPLC) equipment for
analyzing field blank samples was purchased from Baker. Distilled, deionized (DI) water
was used in all experiments. All reagents were first filtered using a Whatman’s glass fiber
filter (GF/F) and then filtered again using an STS filter to remove microplastics and glass
fibers from the reagents. Before use, the GF/F and STS filters were washed with ethyl
alcohol and oven-dried at 100 ◦C for 24 h.

2.2. Analytical Devices

The surfaces of the STS filter and plastic were analyzed using scanning electron mi-
croscopy (SEM; JSM-IT500). The blank sample was analyzed using μ-Raman spectroscopy
(New XploRA Plus, HORIBA, Kyoto, Japan) and silicon filter (Si-filter). Micro-balance
(BM-20, A&D, Tokyo, Japan) which has 0.001 mg resolution was used to measure the weight
of the STS filter to estimate the recovery rate of the sampler and pretreatment process.

2.3. Sampling and Pretreatment Device Development

A device was developed to sample small-sized microplastics over 5 μm in environ-
mental media. In addition, it was modified into three types according to the problems
that occurred during the sampling process. The sampling device is based on a filtration
method to allow for flexible filter pore size and easy filter replacement after contamination.
Each device was manufactured according to the design depicted in Figure 2. All sampling
devices consisted of a housing and cassette, and each cassette was watertight with a sili-
cone O-ring or gasket. The cassettes could be easily stacked in multiple stages within the
housing. In the case of conventional sampling and pretreatment devices, additional units
(several individual housings) or processes for size classification were required. However,
the developed sampling device requires only one compact housing and several optional
cassettes for size classification. In this study, three-stage cassettes equipped with filters of
different pores were used for size classification. The devices were made from an aluminum
alloy with a low cost, easy machinability, light weight, and higher chemical resistance than
conventional metals such as stainless steel. The device was modified and supplemented to
increase the recovery rate of the microplastic sampler. Similar to other studies, by applying
a stainless steel (STS) filter, it was possible to collect a large volume of samples and mi-
croplastics measuring several microns with the device at the user’s discretion. In addition,
the STS filter could withstand vacuum pump pressure and had a strong chemical resistance,
maintaining filter pore during sampling and pretreatment.
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Figure 2. Sampling devices and cassette with silicon gasket: (a) Device 1, (b) Device 2, (c) and Device
3. (d) Assembly of the sampling device (D × H = 80 mm × 100 mm) and scheme of the sampling
process.

2.4. Computational Fluid Dynamics (CFD) Analysis

The water flow of the sampling device was simulated using Flow-3D software (Flow
Science, Inc., Santa Fe, NM, USA). The solver version was 12.0.3.02 lnx64 02/05/2021 HPC.
More details regarding the software, hardware, and fluid properties are provided in Table
S1. Before the CFD analysis, the flow velocity was studied in the following three cases:

• Case 1 (XX): Filtration without filters and microplastics.
• Case 2 (FX): Filtration with an STS filter inside the device without microplastics.
• Case 3 (FM): Filtration with an STS filter inside the device and 30 mg of microplastic

solution dispersed in 30 mL of ethanol.

The amount of microplastics selected for the flow velocity experiment was set at 30 mg,
which minimizes the influence of external factors such as air flow and vibration on the
measured value of the ultra-microbalance. Since the device has a symmetrical structure, the
simulation was carried out for only one quarter of the device, and the microplastic particles
were excluded from the CFD analysis.

2.5. Reference Material Recovery of the Sampling Device

The recovery rate of the sampling device was confirmed by the difference in weight be-
fore and after the filtration of microplastics of 20 μm or less using an ultra-microbalance. A
woven STS filter was used for filtration to prevent plastic contamination using a membrane
filter, and the SEM image is shown in (Figure 3). The microplastic reference materials used
were polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyvinyl
chloride (PVC), and polyethylene (PE). These five plastics are the most frequently found
plastics in the environment [28].

The microplastics were prepared with multi-stage sieve shaking after ultrafine grind-
ing at the Korea Testing & Research Institute (KTR). Two types of microplastic reference
materials produced by Bundesanstalt fuer Materialforschung und -pruefung (BAM) in Ger-
many, PS and PE, with diameters in the range of 10–300 μm, were used. The microplastics
produced by KTR are diverse and several micrometers in size. These reference materials
were divided into two size ranges. The first range included microplastics with diameters
of dozens of microns, and the second range included microplastics with sizes of a few
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hundred microns. The lower 10% size, middle size, and upper 90% size for the particle size
of each range are shown in (Tables 2 and 3). The average particle size and the distribution
of the microplastics were analyzed using a particle size analyzer (LA-350, HORIBA), and
the shape of the particles was confirmed using a SEM analysis (Figure 2).

Table 2. Size distribution of the first range of microplastic reference materials.

Cumulative Diameter d (10%) d (50%) d (90%)

Cumulative
diameter (μm)

PE 11.0 18.0 29.7

PET 9.8 15.8 25.0

PS 9.0 14.1 21.5

PP 10.0 16.4 29.3

PVC 10.6 16.7 25.2
d (10%): 10% of the total particles are smaller than this size. d (50%): 50% of the total particles are smaller than
this size. d (90%): 90% of the total particles are smaller than this size.

Table 3. Size distribution of the second range of microplastic reference materials.

Cumulative Diameter d (10%) d (50%) d (90%)

Cumulative
diameter (μm)

PE 102.1 203.3 331.1

PET 108.4 165.4 235.5

PS 70.4 140.1 218.0

PP 120.1 170.0 253.7

PVC 109.8 160.3 233.3
d (10%): 10% of the total particles are smaller than this size. d (50%): 50% of the total particles are smaller than
this size. d (90%): 90% of the total particles are smaller than this size.

 
Figure 3. SEM image of (a) a STS filter, (b) polyethylene, (c) polyethylene terephthalate,
(d) polystyrene, (e) polypropylene, and (f) polyvinyl chloride.

First, the filter was washed with an 99 % filtered ethanol solution and oven-dried at
90 ◦C for 1 h in a glass Petri dish. Microplastics were weighed and sonicated in 500 mL of
DI water for 30 min. The DI water containing microplastics was filtered through a sampling
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device that was set to the STS filter on the cassette. After filtration, the STS filter was
oven-dried at 90 ◦C for 1 h and then weighed again. By comparing the injected plastic
weight (winj), the difference in the weights of the STS filter before (Fwini) and after (Fwfin)
filtration was calculated to estimate the recovery rate of the device (Equation (1)).

Recovery rate (%) =
Fw f in − Fwini

winj
× 100 (1)

All procedures for the recovery experiment were conducted while covered with an
aluminum foil to minimize contamination caused by exposure to air, and a cotton lab coat
and neoprene powder-free gloves (Microflex®, Richmond, Australia) were used. All tools
and dishes were washed with filtered ethanol and DI water. After filtration, all filters
containing Petri dishes were sealed with a paraffin film. All pieces of the device were
washed with filtered ethanol and DI water before use. The samples were covered with
aluminum foil after oven drying. The device inlet and all sample passages had no contact
with any filter or cassette. After using the device, all parts were removed, followed by
washing with ethanol and drying in an oven.

The recovery from the pretreatment process was performed using an ultra-microbalance.
The STS filter was weighed before and after each pretreatment process to estimate the re-
covery rate of the sampling device. Pretreatment involved conventional methods such as
wet peroxide oxidation (WPO) and density separation with ZnCl2 [29,30] (Figure 4).

 

Figure 4. Pretreatment processes (WPO was performed at 80 ◦C for 3 h; Density separation was
performed at 1.6 kg/L density; Size classification was performed with the sampling device equipped
with three multi-stage filters, a: 45 μm, b: 20 μm, and c: 1 μm).

3. Result and Discussion

3.1. Sampling Device Modifications

First, the passage of samples cause by the occurrence of wrinkles in the existing filter
was minimized, and the loss of samples due to circle-shaped silicon O-rings and low
watertightness was reduced (Figures 5a and S2). Circular silicone O-rings were prone to
microplastic attachment and loss. The second improvement changed the overall support
cross and sealing shape of the cassette so that the filter was positioned inside the gasket.
Therefore, the filter wrinkling phenomenon was further prevented as shown in Table 4. The
height difference due to filter crumpling disappeared via improvements in the sampling
device (Table 4, Figure S2), and watertightness was improved to prevent the sample
from passing through the side of the filter; this was verified by the 3.3 size distribution.
Furthermore, a support structure was added to the cassette to prevent the wrinkling of the
filter and to divide the sampling sites for analysis (Figure 5b). Finally, the upper space of
the device was increased by improving the flow inside the device to weaken turbulence
and flow velocity (Figure 5c).
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Figure 5. Device modifications: (a) sealing silicon shape and methods, (b) housing upper shape and
space, (c) cassette cross support.

Table 4. Filter height change in STS filter after filtration. (Average and standard deviation value of
four side of filter height).

Device 1 Device 2 Device 3

Filter height (mm) 0.30 ± 0.14 0.13 ± 0.05 0.00 ± 0.00
Height reduction: Device 1 to 2 was 56.7%, Device 2 to 3 was 100%.

3.2. Changes in Flow Velocity and Turbulence in the Device

Figure 6 shows the average flow velocity (Superficial velocity to filtration direction; top
to down) via—the sampling devices. Device 1 and 2 showed a relatively low flow velocity
compared to Device 3 in the cases of XX and FX. This indicated that head loss in Device
3 was low compared to the other devices due to its structure. Device 3 had a relatively
larger volume in the space between the cassette and the housing (Figures 2, 5 and 7). On
the other hand, in Device 1, the water flow was obstructed due to the sudden expansion at
the end of the inlet pipe, and the flow between the filter and the top of the housing was
restricted due to the very narrow space between the cassette and the housing. As a result,
the horizontal flow over the filter was restricted, and rapid vortices and turbulences were
formed, intensifying the flow toward the center of the filter. CFD simulation results also
supported this, as shown in Figure 8. In Device 1, unlike the other cases, strong turbulence
formation could be seen at the outer edge of the central inlet pipe. The flow velocity
distribution on the filter surface also showed strong fluctuations in Device 1 as shown in
Figure 9.

This structural feature of Device 1 could lead to two poor outcomes as a sampling
device. One outcome is that microplastics tend to be pushed out of the center of the filter and
accumulate on the sides due to the concentrated central flow (Figure S2). Furthermore, the
lateral flow with strong vortices forces the microplastics into contact with the housing walls
O-ring and increases the risk of microplastic loss during the sampling process. Another
outcome is the deformation of the filter caused by a centralized flow. The relatively
unbalanced flow applies a strong vertical force to the center of the filter, which causes filter
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deformation, as shown in Table 4. In addition, in the case of Device 1, such deformation
may be strongly formed due to the absence of a support under the filter. If the filter is
deformed in this way, it may make it difficult to handle and increase errors in the analysis.

Meanwhile, the reverse flow at the bottom of the filter was confirmed in the CFD
simulation as shown in Figure 8d–f. This reverse flow, which appeared as a rapid change in
flow in a narrow space, was believed to decrease the filtration rate and increase resistance,
as shown in Figure 7. Devices 2 and 3 had similar structural characteristics, but Device 3
had a larger space above and below the filter and a wider filter support. This structural
difference seemed to weaken the reverse flow from the bottom to the top of the filter, as
shown in Figure 8e,f. As a result, the flow in the cassette was relatively stable in Device 3,
and the filtration stability was relatively secure. This flow stability may affect high recovery
during the sampling.

Figure 6. Average water flow velocity through sampling devices. (a) Device 1, (b) Device 2, and
(c) Device 3. Symbols in this graph represent the case as follows—XX: without filter and microplastics,
FX: equipped filter, FX: equipped filter with microplastic in water flow.

382



Sustainability 2023, 15, 3907

Figure 7. Velocity magnitude contour and vectors of sampling devices. (a–c) show cross-sectional
view of the center of the devices. (d–f) show cross-sectional view at the half point from the center to
edge.

Figure 8. Turbulence intensity contour and vectors on the surface of the filter: (a) Device 1, (b) Device
2, and (c) Device 3.

 

Figure 9. Velocity magnitude vectors on the surface of filter: (a) Device 1, (b) Device 2, and (c) De-
vice 3.
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3.3. Size Distribution of Filtered Reference Microplastics with Device

The size classification was performed by applying a three-stage filter to the sampling
device, where the pores of the STS filter were 1, 20, and 45 μm in size. Three stages were
applied to classify against the minimum particle size of the injected reference material. In
the size distribution experiments, a mixture of the two size range reference materials was
used. The average particle diameter and cumulative diameter of the reference material
filtered through Device 3 are listed in (Tables 4, S5 and S6). Microplastics with an average
target diameter could be sorted using multi-stage filtration. It is confirmed that the median
particle size of microplastics present in the filtered filter increased according to the filter
pores installed in Device 3 and was separated by filter pores. However, when the large
amount of reference material was injected (over 30 mg), the small size of particles could not
enter the next stage due to the fouling of the pores in the first stage. Therefore, the median
particle size of some stages equipped with fouled filter, showed smaller than the installed
filter pore size (Table 5). Microplastics of several microns present in the environment were
difficult to analyze using microscopy and thermal analysis. Therefore, in this study, a
relatively large amount of microplastics were used to evaluate the size classification and
recovery rate of the device. Thus, fouling occurred in the size classification result. However,
since the pretreated microplastic samples from the environments were present in a range of
several micrograms [25,31–34], the fouling phenomenon of the filter was expected to be
significantly reduced.

Table 5. Median (d 50%) value results of size distribution.

3rd Stage 2nd Stage 1st Stage

STS filter pore size 5 μm 20 μm 45 μm
PE 19.2 28.3 61.0

PET 12.0 14.8 77.8
PS 14.9 23.9 105.9
PP 13.8 16.1 24.1

PVC 14.8 17.6 60.0

3.4. Microplastic Recovery Results of the Sampling Device

The final recovery rate of Device 3 was 94.2%, and the overall recovery rate of mi-
croplastics showed an increasing trend as the device improved (Figure 10). In the case
of Device 3, a recovery rate of over 90% was confirmed for all plastics. A comparison of
recovery rates found in previous studies that used the same encapsuled method is shown
in Table 6. The developed device had the highest recovery rate. This rate increased when
the loss in the device where the sample comes into contact with CFD was confirmed and
improved.

Figure 10. Overall microplastic recovery of the sampling devices.
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Table 6. Recovery rate of encapsuled methods.

Yuan et al. [35] Harrold et al. [36] This Study

Recovery rate (%) 80.2 88 94.2
Size range of references

materials (μm) 125–150 5–296 5–30

Recovery rate experiment of pretreatment process was performed with Device 3 which
has the highest recovery rate. The recovery rate of wet peroxide oxidation and density
separation was at least 89.5% (Table 7). Thus, a high efficiency was confirmed even when
sampling and pre-processing devices were used, as opposed to the experimental tools and
equipment used in the previous study. Additionally, our proposed device showed less
cross-contamination than was observed in other studies (Table 8). In the case of negative
blank samples, 4–17 and 0–6 contaminating particles smaller than 20 μm appeared during
the sampling and pretreatment processes, respectively.

Table 7. Recovery rate of pretreatment.

No. Species
Recovery Rate of WPO

(%)
Recovery Rate of Density

Separation (%)

1 PP 91.4 98.8
2 PS 94.3 98.0
3 PET 99.5 89.5
4 PVC 97.0 99.7
5 PE 92.9 98.1

Table 8. Results regarding the blank sample subjected to the sampling device and pretreatment
process.

No.
Concentration

of MPs
Phase Control Method Ref.

1 0.172 particles/L Water X Encapsuled [37]
2 91–141 particles Procedure blank X [26]
3 * 5–9 particles Air O Passive air [38]
4 31 particles Water O Manta net [20]
5 ** 4–7 particles Air and water O Encapsuled The current

study6 ** 0–6 particles Pretreatment O Encapsuled
* Over 50 μm. ** Under 25 μm.

For the encapsuled method used in this study, the amount of sample taken per sample
was smaller than other methods. This limitation was improved by replacing the filter
between samples, but this could increase the probability of contamination due to increased
external exposure of samples. As a result, relatively small size and small amount of
plastic contamination still occurred. In addition, since pump power is still required during
sampling, an electrical device or sample transfer process is essential. Applying high-
temperature treatment and using negative-pressure laboratories, methods employed in
other studies, will solve the problem of pollution [17].

The smaller the microplastics, the more easily they can enter the human body and the
greater risk they pose [39]. However, a new and cost-effective filter has a minimum pore
size of 1 μm, and it is difficult to analyze microplastics at a nanoscale using spectroscopic
analysis or thermal analysis. Therefore, the development and improvement of a device
for analyzing microplastics of 10 μm or less will be helpful for tracking and analyzing
microplastics, provided a suitable filter is used.
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4. Conclusions

We proposed a microplastic sampling device and pretreatment process that excludes
plastic from the entire process. In this study, using a highly efficient encapsulation method
of sampling, sample loss and external contamination were minimized, and a device capable
of classification by size was developed. The device was evaluated by using five types of
reference microplastics. While carrying out structural modifications to the device, a CFD
analysis was performed to identify the shape and flow velocity of turbulence that may
occur during sampling. It was confirmed that the efficiency, contamination, minimization
of loss, and the flow of fluids were made more suitable for the sampling via a structural
improvement in the device. In addition, the minimization of the loss of microplastics
contained in a sample has been verified by an experiment of recovery rates depending
on weight of the used filter. As a result of the modification, a recovery rate of over 94%
was confirmed, which is higher than the previous studies. Therefore, it could be easily
applied by separating microplastics from different environmental samples and collecting
microplastic samples of desired size. In conclusion, the proposed device can overcome
existing limitations caused by contaminants generated during the pretreatment process
and can prepare for high-quality microplastic analysis with a high recovery rate.
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using Device 2 with reference material; Table S4: Recovery results using Device 3 with reference
material; Table S5: Size distribution 10% value size (μm); Table S6: Size distribution 90% value size
(μm); Figure S1: SEM image of STS filter (a) before and (b) after filtration; Figure S2: Visual results
after filtration using the STS filter in (a) Device 1, (b) Device 2, (c) Device 3.
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Abstract: As one of the primary nodes in the flow of micro-plastics (MPs) in the environment, it
is critical to examine and assess the Sewage Treatment, occurrence, and removal of MPs in waste
treatment plant (WWTP). This research explored the shape, size, and composition of MPs at various
stages of the WWTP process in the south of the city of Hefei, China, in dry and rainy weather
conditions, as well as the removal effectiveness of MPs in a three-stage process. The collected MPs
were quantitatively and qualitatively examined using an Osmosis electron microscope and micro-
FTIR. The pollution risk of MPs in WWTP was assessed using the EU classification, labelling and
packaging (CLP) standard and the pollution load index (PLI). The findings revealed that the average
abundance of fibrous MPs was greatest in WWTP sewage and sludge, 49.3% and 39.7% in dry weather,
and 50.1% and 43.2% in rainy weather, respectively. The average distribution of MPs in the 0–500 μm
range was highest in WWTP wastewater and sludge, 64.9% and 60.4% in dry weather and 67.9% and
69.0% in rainy weather, respectively. Finally, the overall removal rate was 87.7% and 83.5%. At the
same time, it has been demonstrated that MPs with varied compositions are strongly tied to human
activities, and environmental conditions (such as rainy weather) also influence their source. In both
dry and wet weather, the amount of polymers and the risk score were linked to the pollution risk of
MPs in WWTP. In wet weather, the MPS pollution index was more variable. The pollution indices of
MPs in row water and tail water were 2.40 and 2.46, respectively, which were heavily contaminated,
and 1.0 and 1.2, which were moderately polluted. MPs in dewatered sludge had severely polluted
indexes of 3.5 and 3.4, respectively. As a result, there is still MPs efflux or buildup in sludge during
and after the WWTP process, which presents an ecological contamination concern.

Keywords: microplastics; wastewater treatment plant; dry and rainy weather; occurrence characteristic;
pollution risk evaluation

1. Introduction

Plastic is an organic polymer material that is extensively utilized in insulation, met-
al substitution, packaging, clothing, and other applications. By 2020, China’s annual
production of plastic products had reached 76.032 million tonnes, with 74.1 million tonnes
of garbage, 30% of which was recycled, 32% disposed of in landfills, 31% burned, and
roughly 7% lost. In Europe, the total quantity of recycled plastics is 4.6 million tonnes per
year, with a 35% recycling rate [1,2]. Microplastics, MPs are a new category of pollutant
described as plastic particles with a particle size of less than 5 mm [3]. Primary plastics
and secondary plastics are the major sources: primary plastics are mostly formed by
grinding particles and plastic beads included in industrial raw materials and cosmetics,
as well as the loss of synthetic fibers in clothing caused by washing, etc. [4,5]. Secondary
plastics are primarily created by photocatalysis, weathering, embrittlement, and cracking
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of large abandoned plastics in the presence of light, water, and wind, which leads to the
development of smaller microplastic particles [6,7].

Early MP research primarily focused on the distribution and movement of marine,
lake, and river MPs, as well as the source, abundance, and biological toxicity of MPs. It
has been documented that plastics distributed in the ocean are more readily broken down
into microplastics by photocatalysis and water flow, and that tidal movement can reflow
microplastics deposited in the ocean back into the freshwater environment [8]. MPs in
the environment have been discovered to operate as a carrier for microorganisms such as
pathogens [9], adsorbing organic substances (antibiotics, phthalate, Polycyclic aro-matic
hydrocarbon, etc.), and heavy metals [10–13]. Microorganisms can colonise the surface
of MPs and create biofilms, transferring a range of bacteria, including dangerous ones,
to new environments [14]. Its potential ecotoxicity can be transmitted through the food
chain [15–17], is easily acquired by zooplankton and higher animals such as humans, and
accumulates in organisms, disrupting the flow of energy within organisms and posing a
growth threat [18], even causing biological death [19], with the potential for irreversible risk.
Furthermore, MPs has been found in human blood and faeces, as well as in the maternal
placenta [20–23]. The primary sources of MPs in the body include daily consumption of
table salt, bottled water, tap water, and seafood [24–26], whereas air-exposed microplastics
may also be absorbed by inhaling airflow [27,28]. With the potential for ecotoxicity and
far-reaching effects on the natural environment and human health, identifying pollution
sources is critical for evaluating the pollution risks of MPs and establishing mitigation
solutions. As a consequence, the Sewage Treatment monitoring of the whole MPs process
was employed as a pilot study to determine the contamination risk.

The primary point at which MPs reach the natural environment from the urban water
system is sewage treatment [29,30]. Sherri et al. examined 90 samples from 17 phases of
the US sewage treatment process and discovered that up to 4 million MPs particles are still
discharged into the natural environment per day following regular sewage treatment [31].
Xu et al. evaluated 11 sewage treatment plants in Changzhou, China, and discovered
that the average concentration of MPs in the influent and effluent was 196.00 ± 11.89 n/L
and 9.04 ± 1.12 n/L, respectively. The average removal rate of MPs was over 90%, with
the highest percentage being 97.15% [32]. Zhang et al. assessed an MPs removal rate of
93.7% in the entering and departing water of the Turkish Sewage Treatment [33]. How-
ever, most of the MPs removed by the sewage treatment process are transferred and
stored in sludge, and Esther et al., in their study of the WWTP in Vancouver, Canada,
found that 1.76 ± 0.31 × 1012 MPs accumulate in the sewage treatment each year, of which,
(1.28 ± 0.54) × 1012 MPs settled into the primary sludge, (0.36 ± 0.22) × 1012 MPs into
the secondary sludge, and (0.03 ± 0.01) × 1012 MPs were released into the natural envi-
ronment [34]. Furthermore, Kay et al. reported that MPs abundance in river basins may
increase with atmospheric deposition or agricultural soil infiltration in a study of MPs
hosted upstream and downstream in six Sewage Treatment of distinct river basins [35].
Plastic film, microfibers, and inappropriately disposed of waste plastics used in agriculture
and industry, on the other hand, degrade into fine plastic particles by a sequence of syner-
gistic photocatalysis and physicochemical degradation processes [6,7,36]. These particles
are extensively spread in the urban surface environment and in atmospheric flotsam, and
may enter the sewage network when rainfall washes them away [37], which may then be
transported to the Sewage Treatment, resulting in an increased treatment load [12,38,39].
The load of MPs, a frequent Persistent organic pollutant in WWTP such as Polycyclic
aromatic hydrocarbon, would grow with increased rainfall [40], which would spread the
degree of environmental contamination to some extent.

There is currently limited research on the evaluation of MPs pollution risk in urban
WWTPs in Hefei City. This paper investigated the form, size, and composition features of
MPs in each typical process step of a WWTP under two weather conditions, dry and rain,
as well as the removal effectiveness of MPs in the three-stage treatment stage. The pollution
risk of MPs in WWTP is analysed using the EU classification, labelling and packaging
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(CLP) standard and the PLI Pollution load index model. This report serves as a reference
for future MPs reductions in China’s inland cities’ WWTP.

2. Materials and Experimental Methods

2.1. Sample Sites

In this study, samples of sewage and sludge were collected from Hefei, China’s
Sewage Treatment in the city’s southern region. The WWTP is equipped with an (An-
aerobic-AnoxicOxic process, A2O) with a daily capacity of 100,000 tonnes. The purified
sewage is disposed of in the 15li River. Due to the fact that water quality and quantity
indicators of the Sewage Treatment may vary depending on the weather, samples were
obtained in July 2022 under dry (marked D) and rainy (marked R) conditions. Figure 1 and
Table 1 showcases grid intakes (Row water, labeled D1 and R1), grid outlets (labeled D2
and R2), aeration grit chamber outlets (labeled D3 and R3), oxidation ditch outlets (labeled
D4 and R4), in the secondary clarifier (D5 and R5), the outlet of the secondary clarifier (D6
and R6), the outlet of the denitrification deep bed filter (Tail water, D7 and R7). The sludge
samples are dewatered sludge from the sludge pumping station (D8 and R8).

Figure 1. Wastewater treatment plant process flow design.

2.2. Sample Methods

The quantitative collection of MPs at the Sewage Treatment sample point is performed
using a peristaltic pump with a custom stainless steel hopper connected to the pump’s
intake (20 mm inner diameter of the inlet) and a mesh (5 mm mesh aperture) covering the
funnel mouth. Place the pump input pipe with a custom hopper 30 cm below the surface
of the sewage for collecting samples, and store the sewage from the pump outlet pipe (10 L
of sewage from each sample point) in 15 L stainless steel drums. For sludge samples, the
dewatered sludge from the sludge pumping station (75–79% water content) was collected by
wrapping 1 Kg samples of sludge in aluminium foil paper and placing them on a conveyor
belt. Collect 1 Kg of sludge samples from three distinct points on the conveyor belt, combine
the samples, and store them in a 5 L stainless steel drum. In addition, the Sewage Treatment
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flow varies in real-time, and the temporal disparities between certain samples generate
a data flow, resulting in variations in MPs’ features(Table 2). Therefore, samples were
collected at each sampling station at three separate times during the day (08:30–11:30,
13:30–16:30, 18:30–21:30), with Sewage Treatment flow sufficient for peak phases. After
transferring the sample to the container and rinsing the collector with deionized water,
the next collection activity may begin. The edges of the container’s top lid are covered
with aluminium foil before being returned to the laboratory. For testing and analysis, the
container is placed in a refrigerated environment at 4 ◦C.

Table 1. WWTP process section layout design and description.

Sample Points
D (Dry Weather),

R (Rainy Weather)
Layout Design Description

Raw water or
Grille Front (D1, R1) Initial wastewater from WWTP. Sewage samples are collected at the grate.

After grille (D2, R2) The first physical interception processing. Sewage samples are collected behind the grate.
After sedimentation

Tank (D3, R3)
Gravity deposition of high-density contaminated impurities separates low density suspended
matter to the next process. The sewage samples were collected after sand-settling.

After oxidation
Ditch (D4, R4)

(Anaerobic-Anoxic-Aerobic) to maintain the flow of mixed sewage and activated sludge, initial
removal of suspended substances. Sewage samples are collected behind the oxidation ditch.

Inside the secondary
sedimentation tank (D5, R5)

The flow velocity and amount of water affect the cross-section of rainwater, and the suspended
matter rises. Sewage samples are collected in the secondary sedimentation tank.

After secondary
settling tank (D6, R6)

The mud and water are separated and the suspended impurities form flocculates and sink
together. Sewage samples are collected after the secondary sedimentation tank is selected.

Tail water or After
filtration tank (D7, R7) WWTP outflow tail water. Sewage samples are collected after the denitrification filter.

Dehydrated
sludge (D8, R8)

After being dehydrated by an enrichment centrifuge. Sludge samples are collected on the
conveyor belt.

Table 2. Removal rate of MPs by tertiary treatment in WWTP.

Treatment Phase Arrange MPs Abundance (n/L)
Removal

Efficiency (%)
Total Removal

Rate of MPs (%)

Primary processing D1 to D3,
R1 to R3

101.9 ± 17.6 to 51.0 ± 7.3,
108.7 ± 20.1 to 81.2 ± 10.8

62.9%,
70.4%

87.7% (D),
83.5% (R)

Secondary treatment D4 to D6,
R4 to R6

71.9 ± 15.3 to 44.2 ± 5.5,
87.4 ± 21.3 to 53.6 ± 7.4

55.6%,
57.5%

Tertiary or Advanced
treatment

D6 to D7,
R6 to R7

44.2 ± 5.5 to 18.2 ± 3.6,
53.6 ± 7.4 to 26.3 ± 5.1

44.9%,
34.6%

2.3. Experimental Scheme
2.3.1. MPs Separation and Extraction

In the Pretreatment Experiment (Figure 2), 1 L of sewage and 10 g of dry sludge were
collected to assess the properties of MPs in various WWTP process structures. Coarse
filtration was primarily performed on sewage samples utilizing stacked layers of stainless
steel screens with pore sizes of 4 mesh (5 mm), 18 mesh (1 mm), 600 mesh (25 μm), and
1000 mesh (15 μm) (m1). The deionized water is then transferred to a sand core filter (JOAN
LAB, 0.8 μm, 1000 mL, Huzhou, China) for filtration (m2). The coarse filtering screen
is rinsed three times in deionized water. Following filtering, the filter membrane (PTFE,
LONGJIN, aperture 5 μm, diam 50 mm, Nantong, China) was placed in a beaker containing
75 mL of Fenton reagent, exposed to a digestion reaction (m3), and permitted to stand for
12 h [41]. The residue left on the screen is still impinged on by a pressured water bottle
carrying deionized water, which is subsequently filtered (m2) and the filter membrane is
also immersed in the digesting solution (m3). To guarantee that the material is transmitted,
the digested mixture is filtered (m4) and the Beaker is rinsed frequently with deionized
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water after digestion. To initiate density separation [42], the digestion mixture is filtered
through a membrane and combined (m5) with 300 mL of a flotation solution (saturated
NaCl solution, likewise filtered by a filter). Beakers containing plastic microparticulate
membranes were then put on a Magnetic stirrer (HUXI, HMS-203D, Shanghai, China) to
expedite material removal from the membrane and shaken at 65 ◦C and 500 rpm for 24 h
(m6). After density flotation, the supernatant was filtered (m7) and the residue in the Beaker
was put back into the floatation solution for a second floatation (m6 and m7). This process
was done three times. After three cycles of density separation, the three filter films are
maintained in glass petri dishes, with the petri dishes coated in aluminium foil to prevent
plastic particles from dispersing. For the treatment of the sludge sample, the sludge was
positioned flat in a glass Petri dish, and then the Petri dish was placed in an oven where
the sludge was dried at 105 ◦C for 24 h. The ensuing digestion procedures are identical to
those for wastewater treatment, except that the mass of the sludge sample and the ratio of
the input of the digestion solution are 1 g:30–50 mL (the dose of the digestion solution is
determined by the removal rate of the digested material).

Figure 2. Experimental operation procedures.

2.3.2. Observation and Identification of Microplastics

Using an Osmosis electron microscope (AO-HK830-5870,Shenzhen, China), the mor-
phological properties of putative MPs on a filter membrane were studied. Materials
comprising plastic particles were dispersed over highly reflective glass in conjunction
with micro-FTIR (Thermo Fisher Scientific Nicolet iN10, Waltham, MA, USA) in the re-
gion of 4000–400 cm−1 with a spectral resolution of 4 cm−1; An average of 64 scans were
recorded [43]. KnowItAl soft-ware (BIORAD Inc., Hercules, CA, USA) was employed. The
acquired spectra were compared with those from the Knowitall FTIR library (Bio-Rad Inc.)
and the national standard of the People’s Republic of China (GB/T 40146-2021, China) to
define the polymer type of MP [44,45] based on the distinctive functional groups and peak
trend rate. To explore the surface properties of MPs that can adsorb organic pollutants
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such as polycyclic aromatic hydrocarbon, a scanning electron microscope (SEM, Hitachi
S4801-IM, Japan) was used.

2.3.3. Quantitative Methods for Microplastics

For the characterization and quantification of MPs, reference is made to Pivokonsky
et al. technique’s of quantitative analysis of MPs by sampling 25% of the circular sector
of each filter [46]. The five-point sampling approach was employed for MPs average
abundance statistics. First, the central sample point is positioned at the midway of the
diagonal on the high reflection glass (24 mm × 50 mm), and four points on the diagonal
are determined as sampling sites. The region of interest (ROI) is selected by modifying the
facula based on the mode of reflection. The area of the high-reflection glass lens comprises
five squares: upper left (U1), upper right (U2), middle (C3), bottom left (D4) and lower
right (D5); each quadrat is the same distance from the lens’s centre (Tables 3 and 4) [47].
Then, the material on the lenses was infrared scanned individually based on 5 squares
selected by a micro-FTIR (Thermo Fisher Scientific Nicolet iN10) surface scan, and the
morphological traits and chemical composition of MPs were identified. After that, utilizing
Formula (1), the total number of Nm of MPs per litre of sewage or per gram of sludge
collected throughout a single WWTP procedure is determined.

Nm =
∑5

i=0 ∗Ni ∗ Sm

5S f
(1)

In Formula (1), Ni is the number of MPs on each quadrate (n/L), Sm is the contact
area of impurities on a single high reflector, and Sm ≈ 9.26 cm2. Sf is the area of a single
quadrate, and Sf = 0.84 cm2. The length of a quadrate side is 12.5 mm, and its breadth is
6.72 mm.

2.3.4. Experimental Quality Control

All containers and devices for collecting and storing MPs are composed of stainless
steel or quartz glass. Clean the container several times with deionized water before
sample and keep it sealed. Furthermore, using a pure cotton lab coat and nitrile gloves
while sampling and experimenting is necessary to eliminate the shedding of fibers from
textiles and clothing, which increases the exceptional amount of MPs. All of the containers
are sealed with aluminum foil because, during the oxidation and exothermic digesting
processes, plastic particles with increasing water vapour may be adsorbed on the foil,
requiring immediate attention to avoid loss. MPs samples were collected in a confined
clean room for microscopic and infrared spectroscopy examination.

2.3.5. Data Analysis

For data preprocessing and analysis, Microsoft Excel 2019 was used, SPSS 26.0 (IBM
Co., Ltd., Armonk, NY, USA) for data correlation analysis, and Origin 2018 (OriginLab,
Farmington, ME, USA) and Microsoft Visio 2016 for data analysis and charting. The
abundance of MPs particles in this sewage treatment is expressed as the mean standard
error. The MPs abundances of the Sewage Treatment samples collected during the three time
periods were measured at a single process stage, and the average of the MPs abundances
of the samples collected during the three time periods was taken as the range of final
considerations for MPs in a single process stage. Furthermore, the data examined the
MPS removal effectiveness of WWTP stages 1, 2, and 3, as well as the whole process from
raw water to tail water. The findings demonstrate that: Removal Efficiency (%) is the
removal efficiency of three stages, Total removal rate of MPs (%) is the total removal rate
for the whole process stage. Sections 2.4 and 3.4, Tables 5 and 6 analyse the ecological
risk coefficient and the assessment of pollution load contained in the MPs to evaluate the
pollution risk of the MPs in the WWTP. Moreover, all data were examined for normality
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(Shapiro-Wilk test) and variance homogeneity (Levene test). The statistical significance
threshold was established at p < 0.05.

2.4. Potential Ecological Risk Assessment of MPs

In order to restrict the spread of MPs pollution, it is necessary to quantify the potential
ecological danger posed by MPs pollution. In this paper, the potential ecological risk of
MPs in WWTP is evaluated using the MPS pollution load index (PLI) model, which was
initially developed to evaluate the level of water pollution in estuaries; it is now expanded
to calculate the value-at-risk of MPs [48]. The following is the formula:

CFi = Ci/Coi (2)

In Formula (2), CFi is defined as the ratio of MPs abundance (Ci) at each sampling
point to MPs minimum abundance (Coi) at each sampling point.

PLIi =
√

CFi (3)

PLIzone =
n
√

PLI1 × PLI2 × . . . × PLIn (4)

In Formula (3) and (4), PLIi represents the pollution load index of MPs for a single
sample, whereas PLIzone represents the pollution load index of MPs for WWTP.

H = ∑ Pn × Sn (5)

In Formula (5), H is the MPs potential ecological risk index, the proportion of each
MPs polymer type at each sampling site for the Pn, and Sn is the hazard score for the sample
point MPs polymer [49] (Tables 5 and 6).

Table 3. MPs fixed-point quantification (WWTP in dry weather, Sewage (n/L), Sludge (n/10 g)).

Process
Segment

D1 D2 D3 D4 D5 D6 D7 D8

Scanning
points

(U1, U2, C3,
D4, D5)

125 93 62 137 104 78 34 260

Shape (Formula (1))
Fiber 5.9 1.7 1.9 4.3 1.7 2.0 0.9 5.6
Chip 2.8 1.3 1.2 1.1 1.3 0.9 0.3 3.9
Sheet 1.6 1.4 0.5 1.0 0.9 0.5 0.1 2.5

Particle 0.9 0.1 0.2 0.5 0.2 0 0 1.5
Size (Formula (1))

0–100 μm 2.8 1.8 1.4 3.0 1.4 1.1 0.7 4.9
100–500 μm 4.1 1.0 0.8 2.4 1.6 1.8 0.5 2.3
500–1000 μm 2.0 1.2 1.3 1.1 0.5 0.4 0.1 3.0

1000–2500 μm 1.7 0.6 0.3 0.4 0.7 0.1 0 1.7
2500–5000 μm 0.6 0 0 0.1 0.1 0 0 1.5

Actual MPs
abundance,
Formula (1)

101.9 ± 17.6 61.1 ± 9.3 51.0 ± 7.3 71.9 ± 15.3 68.1 ± 13.6 44.2 ± 5.5 18.2 ± 3.6 184.8 ± 28.6
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Table 4. MPs fixed-point quantification (WWTP in rainy weather, Sewage (n/L), Sludge (n/ 10 g)).

Process
Segment

R1 R2 R3 R4 R5 R6 R7 R8

Scanning
points,

(U1, U2, C3,
D4, D5)

85 93 82 113 131 57 55 277

Shape, (Formula (1))
Fiber 5.0 2.3 1.9 2.3 3.8 2.8 1.7 5.5
Chip 2.8 1.6 1.2 0.1 1.0 0.9 0.1 3.0
Sheet 1.8 2.0 0.5 1.0 1.0 0.7 0.2 2.5

Particle 1.1 0.3 0.2 0 0.5 0 0 1.5
Size, (Formula (1))

0–100 μm 1.7 2.1 1.9 1.9 3.3 1.5 1.0 3.3
100–500 μm 4.0 1.8 1.3 1.4 3.7 1.8 0.8 5.2
500–1000 μm 1.3 1.4 0.6 2.4 1.4 0.5 0.1 2.1

1000–2500 μm 1.7 0.5 0.3 0.5 0.3 0.6 0 0.9
2500–5000 μm 1.1 0.4 0 0.1 0.1 0 0 1.1

Actual MPs
abundance,
Formula (1)

108.7 ± 20.1 77.9 ± 11 81.2 ± 10.8 87.4 ± 21.3 117.3 ± 22.4 53.6 ± 7.4 26.3 ± 5.1 178.4 ± 34.3

Table 5. Risk evaluation of MPs in WWTP (1).

Type of Polymer PE PP PS PET

Hazard score
(Highest level); Sn

11 1 4 30

Process Segment D R D R D R D R
Pn (%) 11.30 15.89 6.88 12.33 9.83 8.60 10.81 8.60

H, (Formula (5)) 1.24 1.75 0.07 0.12 0.39 0.34 3.24 2.58
Potential ecplogical

risk level of MPs I I I I I I I I

PLIi (Formula (2) and (3)) 2.40 2.62 1.88 2.30 1.93 2.72 1.63 1.95

Table 6. Risk evaluation of MPs in WWTP (2).

Type of Polymer PU PA PF PVC

Hazard score
(Highest level); Sn

871 50 1450 30

Process Segment D R D R D R D R
Pn (%) 5.65 6.54 24.32 21.68 17.94 14.95 13.27 11.40

H, (Formula (5)) 49.22 56.98 352.70 314.39 1324.40 1104.15 663.52 570.20
Potential ecplogical

risk level of MPs II II III III III III III III

PLIi (Formula (2) and (3)) 1.00 1.51 1.04 1.00 1.73 2.39 1.97 2.42

PLIzone (Formula (4)) PLIzone (Dry weather) value is 1.63 (moderately pollution),
PLIzone (Rainy weather) value is 2.03 (highly pollution)

3. Results and Discussion

3.1. Distribution and Reduction of MPS in WWTP

In this investigation, 14 wastewater samples were collected from different typical
WWTP stages (D1 to D8, R1 to R8) under dry (D) and rainy (R) weather conditions, together
with two samples of dewatered sludge. These samples are used to illustrate the distribution
and fluctuation of MPs following Sewage Treatment treatment at different phases of the
procedure. Following are the abundance values of MPs at the WWTP under dry and rainy
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circumstances. The abundance of MPs at D1 to D8 was 101.9 ± 17.6, 61.1 ± 9.3, 51.0 ± 7.3,
71.9 ± 15.3, 68.1 ± 13.6, 44.2 ± 5.5, 18.2 ± 3.6 n/L, 184.8 ± 28.6 n/10 g. The abundance
of MPs was 108.7 ± 20.1, 77.9 ± 11.0, 81.2 ± 10.8, 87.4 ± 21.3, 117.3 ± 22.4, 53.6 ± 7.4,
26.3 ± 5.1 n/L, 178.4 ± 34.3 n/10 gat the R1 to R8 sampling sites, respectively (Tables 3 and 4).

Figure 3 depicts the overall distribution of MPs in the typical WWTP process phases,
in which rainy conditions fluctuate significantly. The wastewater at R4 (4. After oxidation
Ditch) and R5 (5. Inside the secondary sedimentation tank) was somewhat more turbid
than that at D4 and D5, and the quantity of MPs at R5 increased by 19.8% as compared
to D5. This is mostly attributable to the overflowing of sewage in the sewers, the rise
in the treatment load on process equipment, and the increase in flow disruption when
precipitation enters the Sewage Treatment. The impact of reflux in R4 was diminished, the
settling time in R5 was shortened, and the performance of the activated sludge system was
diminished [50]. These variables contribute to the difference between R5 and D5 MPs.

Figure 3. Comparison of the MPs variation trend for dry and rainy weather in typical process stage
of WWTP. C: Craft (C1 to C8).

MPs abundance significantly decreased in the first stage of the WWTP, C1 to C3 (1. Row
water, 2. After grille, 3. After sedimentation Tank), at rates of 33.3% and 25.0%, respectively
(Figure 3). The interception of the grid and the role of flocculation and sedimentation in
the grit chamber, which effectively precipitated suspended and colloidal material with a
size of less than 100 μm in the grit chamber, were potential causes for the decline [51–53].
Table 2 demonstrates that the rates of primary removal were 62.9% and 70.4%, respectively.
Nonetheless, the MP’s D4 and R4 effluent abundances increased by 51.7% and 35.2%,
respectively. Refluxing of the aeration tube in the aerobic portion modifies the structure
of MPs, making it simpler for large plastics to be degraded by anaerobic processes, while
breaking down into smaller plastic particles [54,55]. Compared to the D4 and R4 stages, the
D5–D6 and R5–R6 (5. Inside the secondary sedimentation tank to 6. After the secondary
settling tank) stages were partially settled by MPs. The removal rates of subsequent
therapy were 55.6% and 57.5%, respectively. Tertiary treatment of filter sedimentation and
disinfection only decreased contamination of treated water and chemical contamination
indicators [56], with little influence on changes in MPs abundance. In three stages, the
removal rates were 44.9% and 34.6%, respectively. The overall removal rates for raw water
and discharge water were 87.7% and 83.5%, respectively. In addition, the MPs present in
the sludge under both weather conditions were 184.8 ± 28.6 n/10 g, 178.4 ± 34.3 n/10 g.
Compared to 79 sludge samples taken from 28 Chinese Sewage Treatment Facilities, the
estimated average quantity of MPs in Sewage Treatment Sludge was 22.7 ± 12.1 n/g. MPs
abundance significantly decreased in the first stage of the WWTP, C1 to C3 (1. Row water,
2. After grille, 3. After sedimentation Tank), at rates of 33.3% and 25.0%, respectively

397



Water 2023, 15, 686

(Figure 3). The interception of the grid and the role of flocculation and sedimentation in
the grit chamber, which effectively precipitated suspended and colloidal material with
a size of less than 100 μm in the grit chamber, were potential causes for the decline.
Table 2 demonstrates that the rates of primary removal were 62.9% and 70.4%, respectively.
Nonetheless, the MP’s D4 and R4 effluent abundances increased by 51.7% and 35.2%,
respectively. Refluxing of the aeration tube in the aerobic portion modifies the structure
of MPs, making it simpler for large plastics to be degraded by anaerobic processes, while
breaking down into smaller plastic particles [54,55]. Compared to the D4 and R4 stages,
the D5–D6 and R5–R6(5. Inside the secondary sedimentation tank to 6. After the secondary
settling tank) stages were partially settled by MPs. The removal rates of subsequent
therapy were 55.6% and 57.5%, respectively. Tertiary treatment of filter sedimentation and
disinfection only decreased contamination of treated water and chemical contamination
indicators [56], with little influence on changes in MPs abundance. In the three stages, the
removal rates were 44.9% and 34.6%, respectively. The overall removal rates for raw water
and discharge water were 87.7% and 83.5%, respectively. In addition, the MPs present in
the sludge under both weather conditions were 184.8 ± 28.6 n/10 g, 178.4 ± 34.3 n/10 g.
Compared to 79 sludge samples taken from 28 Chinese Sewage Treatment facilities, the
estimated average quantity of MPs in Sewage Treatment sludge was 22.7 ± 12.1 n/g.

3.2. Source and Variation of MPs in Different Polymer Types in WWTP

The aggregate proportion of various MPs types in wastewater and sludge samples
at typical WWTP stages in dry and rainy weather conditions was determined using
micro-FTIR analysis (Tables 5 and 6). The plastics examined included PE (Polyethy-
lene), PP (Polypropylene), PA (Polyamid), PVC (Polyvinylchloride), PS (Polystyrene),
PET (PolyethyleneTerephthalate), PU (Polyurethane), PF (phenol-formaldehyde resin),
which are the primary types of polymers that can be detected in the ordinary phases of a
WWTP process in both rainy and dry weather, non-plastic is the impurity that interferes
with the membrane and a non-plastic polymer. Figure 4 demonstrates that the average
composition of the three plastic polymers PA, PF, and PE is greater than that of other
polymers. In dry weather, the proportion of PA polymer was 24.32% and in rainy weather,
it was 21.68%, followed by PF at 17.94% and PE at 11.30% and 15.89%. In the initial stage of
physical treatment, the fine nylon fiber’s PA interception effectiveness is limited. However,
during the oxidation ditch and secondary sedimentation phases, enrichment is observed.
This might be the secondary treatment (4. Oxidation ditch) stage because of the fluidity of
the activated sludge, which results in the capture of the majority of polymers, including
PA, at this point [51]. PE, PS and PA are frequent textile materials that are frequently
derived from laundry. At the same time, the source of PE and PS can be used in personal
care products as abrasive particles and in cosmetics as an absorbent. Most likely, PF and
PU sources come from the wide use of electrical insulation and rubberized fabric. This is
because an electrical processing factory is close to the WWTP. PVC and PET can be used in
plastic greenhouses on agricultural land and come from various suppliers. The films are
naturally aged and photocatalytic, resulting in debris and films that are washed away by
rainfall, which will be dispersed in the plastic surface environment and transported to the
municipal WWTP [57,58]. Based on how plastic polymer parts are spread out in the typical
phases of the WWTP process, residential sewage is the main source of MPs. Rainfall is an
outside factor that contributes to the spread of MPs.

3.3. Shape, Distribution and Size of MPs in Sewage Plants

Figures 5 and 6 illustrate the shape and size properties of MPs in sewage and sludge
at various WWPT processes. The MPs was separated into four categories: fiber, chip,
sheet, and particle. The dimensions are separated into five categories (Figure 7): 0–100,
100–500, 500–1000, 1000–2500, 2500–5000 μm. Figures 8 and 9 show that fibrous MPs in
sewage and sludge are most numerous at each typical WWTP process stage, with 49.3%
and 39.7% of sewage and sludge abundances in dry weather, respectively, and 50.1% and
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43.2% of sewage and sludge abundances in rainy weather, respectively. Following that are
particle, fragment, and film shapes. It can be established that the abundance of MPs in
various forms is proportional to the source and composition of sewage, as well as the rate
of change in sewage volume and pollutant content. Fibrous MPs have been discovered in
sewage and sludge, primarily from washing-worn fabric fibres and synthetic fibres floating
in the air [59–61]. Fragments with a particle size of smaller than 5 mm are more likely
to have originated from plastic products as a result of environmental elements such as
light, thermal oxidation, and physical friction during use or disposal [62]. The artificial
generation of abrasives in industrial production and the consumption of personal care
products and cosmetics containing significant quantities of plastic bead particles are the
origins of the particle shape [4,63]. Figure 10 reveals that the source of the film is due in
part to the usage of plastic bags by residents and in part to the extensive use of plastic
greenhouses on agricultural land in the upper Sewage Treatment Basin. Direct sunlight
and extreme precipitation, such as snow, and hail, expedited the deterioration of plastic
green-houses, leaving shattered film residue on the soil and agricultural products [64].

Figures 8 and 9 demonstrate that MPs in the 0–500 μm size range had the greatest aver-
age distribution in WWTP, with sewage and sludge abundances of 64.9% and 60.4% in dry
weather and 67.9% and 69.0% in rainy weather, respectively. The second is 500–1000 μm, or
more than 1000 μm of plastic. The results revealed that the sludge was tightly concentrated
with MPs fragments and fibers [65], with a microparticle-sized plastics content below
1000 μm ranging from 88.3–91.2%. During mud cake processing, MPs are fragmented into
smaller plastic particles, thereby boosting MPs’ abundance [66]. MPs with high density and
large size may have been trapped by sedimentation in the region of 2500–5000 μm (1. Row
water to 5. Inside the secondary sedimentation tank) and (6. After secondary settling tank).
However, the fraction of MPs with a size of 0–500 μm expanded from 24.8% to 42.6%,
most probably as a result of the aeration and activated sludge treatment process (4. After
oxidation Ditch), which breaks down large plastics into smaller plastic particles [55,67].
The proportion of MPs with particle sizes ranging from 500–1000 μm remained steady,
ranging between 11.2% and 18.8%. It demonstrates that larger particle-size MPs can be
efficiently eliminated during the first and second treatment phases, but smaller MPs can be
removed slower.

3.4. Contamination Risk Evaluation of MPs in WWTP

Sewage and sludge from WWTP are processed in various ways and still include MPs
at each step. The lower MPs, along with the tail water and sludge from the dewatering
pump house, will be dumped into the river’s natural flow and could be used as fertilizer
for farming and urban greening. These approaches, on the one hand, augment the pol-
lutant load index of MPs at WWTP. On the other hand, MP migratory behaviour in the
natural environment may provide an acute or chronic risk to the ecology, either directly
or indirectly [68–70]. Firstly, when dividing the risk series of MPs in WWTP and its asso-
ciated toxicity, the characteristics of MPs in each typical process stage are evaluated, and
the European classification, labelling, and packaging (CLP) standard is referred to. The
risk series is then divided into four grades, and the pollution load is divided into three
types. The model was based on the risk index (H), and the danger levels varied from (I)
(<10 slightly toxic) through (II) (10–100 moderately toxic), (III) (100–1000 highly toxic), and
(IV) (>1000 very highly toxic). Each level is given an approximate risk rating, with each
danger level (I–IV) rising tenfold. It was picked ten times because it differentiates between
various degrees of toxicity risk. It is also a unique categorization criterion used in GHS
to differentiate between acute and chronic risk categories in the aquatic environment [49].
Secondly, the three categories of pollution loads were determined using the pollution coeffi-
cients of the MPs pollution load index (PLIi) in a single sample and the MPs pollution load
index (PLIzone) in the total research area: (<1 slightly pollution, 1–2 moderately pollution,
>2 highly pollution). The pollution risk of MPs was eventually determined by combining it
with the MPs risk index in WWTP [71].
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Figure 4. Variation of various MPs polymers in dry and rainy weather during a typical WWTP
process stage. (O): Polymer in dry weather; (P): Polymer in rainy weather.

 

Figure 5. Multiple shapes of MPs identified in WWTP. (a): MPs in quadrat; (b,c): Chip; (d): Fiber; (e):
Sheet; (f): Chip, Particle.
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Figure 6. The surface-characteristic morphology of MPs. (g–i) are (PE); (j–l) are (PP); (m–o) are (PS);
(p,q) is (PVC).

401



Water 2023, 15, 686

Figure 7. Characteristics of MPs in the sewage and sludge of the WWTP. (M): Shape of MPs, (N): Size
of MPs.

Figure 8. The aggregate relative proportions of MPs of varying shapes and sizes in sewage at the
WWTP. (E): Shape, (F): Size; Dry and rainy weather conditions are represented by the inner and outer
rings.
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Figure 9. The overall relative proportions of MPs of different shapes and sizes in sludge at the WWTP.
(G): Shape, (H): Size.

Figure 10. Migration of MPs in the freshwater environment.

Under both rainy and dry weather circumstances, the pollution index of MPs in Row
water is 2.40 and 2.46, respectively, according to formula (5), indicating that the WWTP is
significantly polluted. The tail water pollution index ranged from 1.0 to 1.2, suggesting
considerable contamination. It demonstrates that the current procedure influences the
expulsion of MPs. However, MPs in dehydrated sludge had a pollution index of 3.5 under
dry weather circumstances and 3.4 under rainy weather conditions, indicating that they
were highly polluting. The damage caused by sludge seems more substantial than that
generated by sewage release. It is recommended that this substance be incinerated, since it
is not suited for agricultural or urban greening fertilizer. Meanwhile, Tables 5 and 6 demon-
strate that in dry and rainy conditions, the risk levels of PE, PP, PS PET polymer are (I), PU
and PA are (II), and PVC and PF polymer are (III). The abundance of MPs 18.2 ± 3.6 n/L
at sample point D7 was employed to calculate the Coi for this investigation [47]. The PLIi
values of PP, PU, PVC, PS, PET, PA and PF in the typical process stages of WWTP are
in the range of (1–2 moderately pollution) in dry weather (D1–D8), while PE polymers
are in the (>2 highly pollution) range. The PLIi values for PET, PA, and PF were in the
(1–2 moderately pollution) range under rainy circumstances (R1–R8), whereas those for
PE, PP, PU, PVC, and PS were in the (>2 highly pollution) range. Ultimately, the PLIzone
Index of the total MPs in the WWTP was determined using the formula (4). In dry weather
(D1–D8), the PLIzone value was 1.63, which was moderately polluted. In comparison, the
PLIzone value is 2.03, which is extremely polluted. Collectively, the percentage of different
kinds of polymers and their hazard ratings were strongly connected with the pollution risk
of MPs in the WWTP; the MPS Pollution Index was more volatile in rainy weather. The
primary source of its effects is probably sewage sources, with non-point source migration
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of pollution sources, including plastics, into the WWTP owing to rainfall, exacerbating the
pollution risk of MPs in the WWTP [72].

4. Conclusions

In this paper, MPs abundances in sewage diminished most dramatically following
primary and secondary treatment utilizing the WWTP, with average removal ratios of
59.3% and 64.0% during dry and rainy weather, respectively. However, sedimentation and
disinfection from the three-stage treatment lessened the pollutant and Chemical Pollution
Index further, and the MPs elimination effectiveness was only 44.9% and 34.6%, respectively.
87.7% and 83.5% of all MPs were terminated. Sewage and sludge from WWTPs had the
most incredible average abundance of fibrous MPs, 49.3% and 39.7% in dry weather and
50.1% and 43.2% in rainy weather, respectively. With 64.9% and 60.4% in dry weather
and 67.9% and 69.0% in rainy weather, respectively, WWTP wastewater and sludge had
the greatest average distribution of MPs in the range of 0–500 μm. It demonstrates that
the form and size of MPs are changing as a result of the WWTP process, and that sludge
accumulation is considerable.

According to a micro-FTIR spectrometer, the predominant constituents of WWTP
MPs include PP, PE, PS, PA, PET, PU, PF and PVC. It has been discovered that the types
of polymers in question are strongly linked to human activities. The primary source of
these polymers is sewage from homes, which can be affected by weather conditions like
rain. Also, the pollution risk of MPs in the WWTP was related to the amount of polymers
and their hazard scores both when it was dry and when it was raining The abundances of
MPs in the WWTP’s Row water were 101.9 ± 17.6 n/L and 108.7 ± 20.1 n/L, respectively.
Extremely high pollution risk indices of 2.40 and 2.46 were calculated using the PLI pollu-
tion load index model. The concentrations of MPs in Tail water were 18.2 ± 3.6 n/L and
26.3 ± 5.1 n/L, with corresponding pollution risk indices of 1.0 and 1.2. The findings indi-
cate that the current WWTP procedure influences the elimination of MPs. The abundances
of MPs in dewatered sludge were 184.8 ± 28.6 n/10 g and 178.4 ± 34.3 n/10 g, and their
pollution indices were 3.5 and 3.4, which were both extremely polluted. Consequently,
there is a potential danger of ecological contamination since there is still an outflow of MPs
from the WWTP process before and after treatment, with the tail water being discharged
into the natural water body or deposited in the sludge, causing the movement of MPs in
the environment. The interception and removal effectiveness of MPs need to be enhanced.
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Abstract: Single-use plastic waste has become a growing concern in daily life. Community leaders
are implementing programs to reduce the use of single-use plastic and change consumer behavior.
This study, using the social cognitive theory framework for sustainable consumption, examines
the reciprocal relationship among the following three factors: personal (green consumer values),
environmental (bans and rebate/reward programs), and behavioral (consumer decision-making
related to single-use plastic waste). The study surveyed consumers (N = 330) across the United States
who watched a video on the effects of single-use plastic waste on health and well-being. The results
indicate that states with bans or rebate/reward programs tend to have higher green consumer values
and consumers in those states report less use of single-use plastic waste. Education level also has a
significant impact on green consumer values and plastic waste usage. The study provides a resource
guide for decision makers to implement programs in five areas: (1) Business Resources, (2) Public
Policy Resources, (3) Non-Profit Resources, (4) Education Resources, and (5) Personal Resources. The
study also suggests potential areas for future research.

Keywords: single-use plastic; bans and rebate programs; sustainability; green consumer values;
solution guide

1. Introduction

Increasing concerns by policymakers toward sustainability is directed toward single-
use plastic waste [1]. Acceptance of the “disposable society,” commonly referred to as
the “single-use society,” has detrimental impacts on the planet and consumers. The En-
vironmental Protection Agency [2] considers source reduction to be the highest priority
method for addressing plastic marine litter as it decreases the amount of trash there is to
control, clean up, and dispose. County supervisors and city officials including Government
agencies have pieced together regulations for their city, counties, and states as the global
production of plastic has increased and the volume of plastic entering our ocean continues
to increase [3]. The intent of this research is to provide guidance for business leaders,
non-profits, and policymakers to actively engage and contribute to the United Nation’s
agenda to build more responsible consumption and production practices by 2030 [4]. Ap-
plying the social cognitive framework for sustainable consumption [5], the study provides
solutions to the reciprocal relationship of the following three factors: (1) environment,
(2) consumers, and (3) behavior. Our study not only introduces theory to assist policymak-
ers and community leaders, but also provides solutions for more responsible consumption
awareness toward single-use plastic waste.

To make significant progress mitigating marine plastic pollution, a wide range of solu-
tions must be implemented simultaneously at multiple systemic and governmental levels.
According to a new report commissioned by the Pew Charitable Trust in 2020, reforming the
entire plastics economy—including source reduction, strategic single-use plastic substitu-
tions, new product design, and reimagining recycling and disposal systems—will be critical
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to addressing the ocean plastic problem as no single solution will meaningfully reduce
global plastic pollution [6]. Therefore, our research attempts to extend this conversation by
providing structured solutions for companies to meet organizations where they are in their
goal development/execution.

Many business leaders, non-profit organizations, and government officials attempt
to curb single-use plastic waste and increase awareness of the need to reduce single-
use waste. Nonprofit organizations such as Blue Ocean Project [7] and Plastic Pollution
Coalition [8] have developed teams of businesses and consumers to increase awareness
of the benefits of reducing single-use product waste. Plastic Pollution Coalition continues
to grow their global alliance of over 1200 organizations and business and thought leaders
committed to building a world free of plastic pollution by highlighting the impact of plastic
pollution on humans, animals, and the environment [8]. For-profit organizations such as
TerraCycle [9] and Loop Store [10] have found ways to encourage sustainable practices
through their business models. Terracycle’s business model begins to eliminate the idea
of waste by finding ways to recycle and collect typically non-recycled items, diverting
millions of pounds of valuable resources from landfills all over the world [10]. In addition,
companies such as Ohoo Water [11] and Dropps [12] have developed products that use
plastic alternative packaging and rethink the engineering of existing products as we receive
them now. Our study extends research on social cognitive theory [13] to provide businesses
and policymakers a place to start by delivering data in support of rebates and bans and
therefore offering a solutions guide.

The paper proceeds as follows. First, the relevant literature is discussed. This discus-
sion is followed by an explanation of the research design. Results of the study are then
presented. To conclude, a discussion of the findings, as well as managerial implications
and future avenues of research related to this study, are presented.

2. Literature Review

2.1. Sustainability and Plastic Pollution

Despite all the work conducted by academics, governments, non-governmental orga-
nizations, and business communities, there is still significant need for additional work [14].
Research has shown there is a gap between positive attitudes toward sustainability and
people’s actual consumption behavior [14,15]. Sustainability can refer to the endurance
of both ecological and biological processes and systems [16]. Plastic pollution is a subset
of the sustainability conversation that looks at how plastic enters waterways and into
drinking water, animals, food, and the human body. Research in marketing and public
policy research mostly focuses on packaged goods, but there is a need to move to consider
automobiles, appliances, and housing [14]. This may explain why researchers have found
a mismatch among consumers. In addition, when sustainable consumption behavior is
considered a private consumer decision rather than a civic duty, marketing strategies and
company perception override personal obligations [17]. For example, if Coca Cola cam-
paigns that they will use only 20% recycled plastic across the United States, this moves the
responsibility away from the consumer and back to the organization [18].

Plastic pollution is often measured by what is termed “marine debris” or the mea-
surement of plastic pollution found in the ocean. Data inconsistencies led to the first com-
prehensive assessment of the magnitude and extent of trash in streams and the nearshore
Southern California Bight which was facilitated in 2013 by the Southern California Coastal
Water Research Project (SCCWRP) [19]. Compared to 1994 seafloor surveys, the amount of
seafloor trash had nearly doubled, and the extent of plastic material found had increased
threefold [20]. In addition, coastal cleanups have provided some of the best region-wide
data on marine debris specifically addressed in Southern California. Data collected be-
tween 1989–2014 found that 36.5% of ocean litter found in California was a form of food
and beverage packaging (i.e., food wrappers, bottle caps, utensils, straws, and bottles),
matching the prevalence of cigarette butts, California’s top litter item [21].
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2.2. Plastic Pollution and Social Cognitive Theory

To explore more closely the values of consumer behavior, we made use of a social
cognitive framework for sustainable consumption [13]. The core concepts of the model
explore (1) personal, (2) environmental, and (3) behavioral factors in consumer decision-
making. All three elements work together to influence the desired outcome, which is in
this case the reduced use of single-use plastic waste. The feedback loop referred to in
the model is the reciprocal determinism. Reciprocal determination is derived from the
self-determination theory mainly used in studying customer relationships [22]. Research
on green consumer behaviors and self-determination has been investigated by marketing
scholars to explore different motivations in consumption [23,24].

Research on sustainability-related consumption behaviors has often observed effects
such as spillover effects on pro-environmental behaviors [25,26] and licensing and rebound
effects [27,28]. Reciprocal determinism does not predict the positive behavior, rather,
relationships may be presented with existing factors representing the feedback loop of be-
haviors [13]. Research on sustainability has explored areas such as the role of religiosity [29]
and standardized labeling disclosures [30] to enhance sustainability information. In this
study, we highlight the social cognitive framework by testing (1) personal (green consumer
values), (2) environmental (consumer location, rebates, bans), and (3) behavioral (consumer
decision-making) factors in the reciprocal determinism feedback loop. The study aims to
better understand how these elements work together to reduce use of single-use plastic
waste [13,31] (see Figure 1).

Figure 1. Social cognitive theory and self-determinism [13,31].

Green consumer values are defined as those that tend to consider the environmental
impact of purchases and consumption behavior [32]. Recently the study of green consump-
tion has explored the inconsistent results of green consumption and have rejected previous
findings that young people are more inclined to consume green products [33]. Current
research on social structures, particularly age or generation, has looked at the reshaping of
green perceptions and overall purchasing behavior [33]. Straughan and Roberts’s [34] re-
search, conducted with a sample of 235 college students, concluded that young consumers
were more concerned about the environment and therefore were more likely to be potential
green product consumers. Ham et al.’s [33] findings argue that each generation exhibits dif-
ferent personal and company beliefs. Overall, regardless of the generation, the consumer’s
belief of green product intent to purchase is the strongest predictor in company benefit [33].
Our study takes these findings into consideration and explores whether consumers’ level
of education influences their green consumer values in terms of single-use plastic waste.
Our study takes these findings into consideration and explores whether consumers within
close proximity to the ocean may be more likely to hold higher green consumer values in
terms of single-use plastic waste.
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2.3. Policy and Green Consumer Values

Data collection by the California Coastal Commission [21] led to the conclusion that
plastic is making its way into the environment at unprecedented rates, and that solutions to
manage marine debris must be implemented to protect oceans and coastlines. In executing
its response to such dire findings, California has become a world leader in the management
of plastic pollution in the marine and coastal environment. California was the first state
to ban plastic bags and one of the first to ban microbeads in personal care products. In
addition to these measures, 296 state and local laws preventing the sale or use of plastic
bags, plastic straws, and expanded polystyrene food packaging have been passed in the
state since 2014, [35], inspiring similar legislation around the globe. California, with its
densely populated coastline where 77% of residents live within 20 miles of the ocean [36],
struggles to manage the influx of plastic debris into the surrounding environment, notably
into nearby sensitive coastal habitats, many of which are classified as Marine Protected
Areas. The direct and indirect costs of such waste are high. For example, in California,
towns and taxpayers spend approximately $500 million each year in marine protected areas
on beach trash cleanup [37].

Research has explored the voluntary simplicity, collaborative consumptions, and
boycotts that anti-consumption types are embedded in concepts of sustainability [38].
Taking this model further, we utilized single-use plastic legislation on bans and rebates.
The Footprint Foundation [39] gathers and analyzes single-use plastic legislation across
the United States. As of July 2019, only eight states have a ban on single-use plastic bags:
California, Hawaii, New York, Connecticut, Delaware, Maine, Oregon, and Vermont. A
map of polystyrene bans and bans under consideration (see Figure 2) clearly shows that
single-use plastic bans and legislation are heavily focused on coastal regions. As of 2021,
Maine became the first state to ban plastic foam containers and Seattle, WA became the
first city to ban straws in 2018. In states such as Iowa, we see a different story being told
by the government and citizens. Iowa barred locales from banning single-use plastic bags,
however, several restaurants in Des Moines refuse to offer plastic straws, and grocery stores
such as HyVee offer discounts for bringing back the single-use plastic bags [40]. Our study
takes these findings into consideration and explores whether consumers within states that
have bans on single-use plastic are more likely to hold higher green consumer values.

Figure 2. Footprint Foundation’s single-use plastic map, May 2022.
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2.4. Recycling and Single-Use Plastic Waste

Beverage container deposit laws, or bottle bills, are designed to reduce litter and
capture bottles, cans, and other containers for recycling. Ten states and Guam have a
deposit-refund system for beverage containers. Deposit amounts vary from two cents to
15 cents, depending on the type of beverage and volume of the container. To explore the
effects of such bans on green consumer values, we take the use of bans and explore deposits
and rebates reward systems put into place by state policymakers. Therefore, we divided
the states by those that provide rewards or rebates and those that do not [41]. The positive
connotations over reusable products in the form of a rebate or deposit may be a way to hold
each other accountable for the recycling of single-use plastic products. As our study focuses
on consumers’ perceptions of single-use plastic waste, we analyzed if consumers in states
with rebates on plastic are more likely to report using less single-use plastic products. These
states include California, Connecticut, Hawaii, Iowa, Maine, Massachusetts, Michigan,
New York, Oregon, and Vermont.

Consumers have the capacity to change irrespective of past circumstances, yet research
suggests a continued reluctance amongst consumers to transform their behavior toward
making eco-friendly choices [42]. That is, consumers are choosing not to use reusable items
and many consumers are uncomfortable with making this seemingly substantial change
to their purchasing and consuming behaviors [42]. Many consumers seem to overlook
the impact that the individual has on the overall condition of the environment. It may be
that consumers do not realize the impact of a single consumer when it comes to single-
use plastic items and the increase of use-and-throw away items. In order to make the
changes to preserve the environment, moving away from disposable products needs to
be a community-wide effort. There may be a positive result when reusable products are
enforced and consumers can hold each other accountable in making substantial action. Bans
may lead to consumers reporting less use of single-use plastic products. These expectations
lead to the following hypotheses:

Hypothesis 1 (H1). Consumers who live near the ocean (environment) are more likely to have a
greater concern for (1) green consumer values and (2) consumer behavior reducing single-use plastic
waste (personal).

Hypothesis 2 (H2). States with bans (environment) on single-use plastic are more likely to have
higher levels of green consumer values (personal) than states without such legislation.

Hypothesis 3 (H3). States with deposit/rebate programs (environment) for single-use plastic are
more likely to have higher levels of green consumer values (personal) than states without such
legislation.

Hypothesis 4 (H4). States with bans (environment) on single-use plastic are more likely to have
greater concern for (1) green consumer values and (2) consumer behavior reducing single-use plastic
waste (personal).

3. Methodology and Analysis

3.1. Method

Participants we recruited through a Qualtrics Q-panel with selection of participants
evenly distributed across the U.S. Participants were asked to complete a survey through
the Qualtrics Q-panel that would take approximately 10 min. Each participant was asked
to review the Plastic Pollution Coalition [43] video produced in collaboration with Jeff
Bridges to educate consumers on the impacts of single-use plastic waste on humans and
their environment. The video explores the effects of single-use plastic waste on humans,
the environment, and animals, and made a call to action to make change. After each video,
participants were asked to answer a series of questions on (1) Green Consumer Value
Questions [32] and (2) Consumer Behavior and Sustainability, specifically single-use plastic
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waste as developed by the research team. Along with these questions, participants were
also asked to answer demographic profiles including gender, age, marital status, education,
and employment status. Participants watched the video embedded into the Qualtrics
survey on the YouTube platform.

3.2. Measures

The Green Consumer Value Questions were adapted from questions previously used
to assess an individual consumer’s tendency to consider the environmental impact of their
purchases and consumption behaviors [32]. These questions were rated on a 5-point Likert
scale from 5 = agree a lot, 4 = agree, 3 = neither agree nor disagree, 2 = disagree, and
1 = disagree a lot. Cronbach’s alpha (α = 0.93) showed strong reliability in the green value
scale questions. Finally, participants were presented with two questions related specifically
to consumer behavior and single-use plastic waste. These questions include “Are you
likely to consider single-use plastic waste alternatives when making purchase choices?”
and “Do you make an effort toward sustainability (e.g., reusable bags, paper straws). These
questions were rated on a 5-point Likert scale from 1 = definitely no, 2 = probably no,
3 = neither agree nor disagree, 4 = probably yes, and 5 = definitely yes.

4. Results

A total of 358 participants completed the study with a usable number of participants
at N = 342 with the overall completion rate of 96%. The participants in the Q-panel were
55% female with a median age between 18–45 years and were distributed across the United
States with 39 states represented in the sample. We chose a sample of states from the
middle of the country, including Iowa, Illinois, Kansas, Minnesota, Missouri, Tennessee,
and Kentucky, to represent regions that are not near the ocean (N = 184 participants). We
also selected a sample of coastal states that border major bodies of salt water, such as
the Pacific Ocean and Gulf of Mexico, these states were Florida, California, Oregon, and
Washington (N = 158 participants).

The results of the study found that proximity to the ocean did not have a significant
impact on consumers’ green values or decisions related to sustainability and reducing
single-use plastic usage. In a multivariate analysis that divided states based on their
proximity to the ocean, the findings showed that location did not have a significant effect
on green consumer values (F = 2.36, p = 0.126), nor did it affect consumer decisions related
to reducing single-use plastic usage (F = 2.81, p = 0.10). Table 1 presents the means, standard
deviations, F-statistic, and p-value for coastal and non-coastal sample regions and (1) the
green consumer value and (2) consumer behavior toward single-use plastic. The hypothesis
that proximity to the ocean would impact individuals’ green values was not supported.

Table 1. Proximity to the Ocean Study Results.

Non-Coastal
(N = 158)

Coastal
(N = 158)

Mean (SD) Mean (SD) F (p)

H1 (1) Green Consumer
Values 3.87 (1.02) 4.04 (0.88) 2.36 (0.126) *

H1 (2)
Reducing
Single-Use
Plastic Waste

4.36 (0.79) 4.23 (0.65) 2.81 (0.10) *

Note: * Results not significant based on proximity to the ocean.

The study’s findings suggest that statewide bans on single-use plastic may have a
positive impact on consumers’ green values. By May 2022, states that had implemented
plastic bans included California, Hawaii, New York, Connecticut, Delaware, Maine, Oregon,
and Vermont. The researchers conducted a multivariate analysis (MANOVA) by dividing
the data into two categories - states with bans and states without bans - and using Green
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Consumer Values as the fixed variable. The results indicated that states with bans had more
significant green consumer values than those without bans (F = 8.39, p < 0.00). Refer to
Table 2 for means, standard deviations, and MANOVA results. This supports the hypothesis
(H2) that states with bans would have higher green consumer values.

Table 2. Bans Results.

No-Ban
(N = 213)

Ban (N = 129)

Mean (SD) Mean (SD) F (p)

H2 Green Consumer
Values 3.83 (1.02) 4.14 (0.84) 8.39 (0.00)

H3
Reducing
Single-Use
Plastic Waste

4.39 (0.76) 4.15 (0.65) 8.97 (0.00)

Next, the consumer behavior usage of single-use plastic was reported with two con-
sumer decision-making measures. We ran a MANOVA on the same divided population
sample (those states with bans and those without bans) and the fixed variable of Consumer
Decision. The mean score was combined for the following questions on “reporting on the
consumers usage of alternatives to single-use plastic” and “reporting on the consumer’s
effort towards making sustainable decisions.” The consumers that lived within states with
bans on plastic waste reported more consumer decision-making towards sustainable prac-
tices (F = 8.97, (p < 0.00). Refer to Table 2 for means, standard deviation, and MANOVA
results. H3 is supported.

To solidify the positive results, the data was then divided into two groups by states
with deposits on single-use plastic and those without. States with a Statewide Rebate
Program (N = 144) and those with No Statewide Rebate Program (N = 198). These states
are slightly different than those with bans on single-use plastic, however the results were
still favorable in that those states with statewide rebate programs reported higher green
consumer values (F = 7.33, p < 0.00) and use of alternative solutions by reducing use of
single-use plastic, Consumer Decision toward reducing single-use plastic waste (F = 6.32,
p < 0.01). Table 3 presents the means, standard deviations, f-statistics, and p-value for the
comparison between the states with rebate programs and those without. H4 is supported.

Table 3. Rebate Results.

No-Rebate (198)
Rebate

(N = 144)

Mean (SD) Mean (SD) F (p)

H4 (1) Green Consumer
Values 3.84 (1.01) 4.11 (0.87) 7.33 (0.00)

H4 (2)
Reducing
Single-Use
Plastic Waste

4.39 (0.76) 4.19 (0.68) 6.32 (0.01)

5. Discussion

The findings support the importance of effective policy making around issues of single-
use plastic waste. Applying a social cognitive framework to better assess the multiple
factors to include (1) personal factors: green consumer values; (2) environmental factors:
location, bans, rebates; and (3) behavioral factors: consumer decision-making, supports that
reciprocal determinism provides ways to challenge reduction of single-use plastic waste in
consumer decision-making. In the data analysis, H1 was not supported, which explored
the environmental factor of a consumer’s proximity to the ocean. However, the data
supported H2–H4, which included environmental factors such as bans and rebate/reward
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programs. The results found that consumers who lived within states that had bans and/or
rebate programs were more likely to have stronger green consumer values and indicated a
reduction in the use of single-use plastic waste. Therefore, one of the most valuable results
of the study is the idea that states that support single-use plastic waste reduction might
take it one step further to implement strategies to enforce these polices across the state
rather than leaving the practices up to the individual consumer.

In the study, the educational video developed by the Plastic Pollution Coalition
addresses environmental concerns of single-use plastic waste rather than the human health
effects of single-use plastic waste. Oftentimes, the marketing campaigns on single-use
plastic waste mitigation are focused on the ocean and ocean animals. However, as the
research has found, there may need to be more of a focus on the effects on human health
and the environment, not just the effects on animals in the ocean. Upon examination of
the results, we found some of the demographic findings to be noteworthy. Our findings
indicated that there was a significant correlation between individuals’ level of education
and their values towards green consumption and decision-making regarding single-use
plastic waste (F = 5.02, p < 0.00, and F = 4.96, p < 0.00, respectively). Table 4 presents
the mean, standard deviation, f-statistic, and p-value on the level of education and green
consumer values and consumer decision-making toward single-use plastic waste. This
suggests that individuals with more education on the topic of single-use plastic waste may
be more likely to change their behavior. While implementing bans and rebates can enforce
change, providing education at all levels may have a even greater impact on individuals’
behavior. Further research is needed to understand the impact of education on individual
consumer shopping habits. In future studies, it would be beneficial to examine the extent to
which individuals are familiar with education and campaigns related to single-use plastic
waste in order to gain a better understanding of their overall effects.

Table 4. Education Level Comparison Results.

Green Consumer
Values

Consumer Behavior

Level of Education Total per Group Mean (SD) Mean (SD)

High School Degree N = 54 3.85 (1.24) 4.32 (0.78)
Some College N = 110 3.79 (0.96) 4.51 (0.74)
4-year Degree N = 96 3.75 (0.95) 4.33 (0.74)
Professional/Doctorate
Degree N = 103 4.15 (0.89) 3.94 (0.50)

F statistic (p-value) F = 5.02 (p < 0.00) F = 4.96 (p < 0.00)

In the demographic section of the study, the study included three questions related
to political views on climate change and pollution. These questions aimed to understand
the respondents’ views on how politicians should address pollution and environmental
issues, and how those factors may affect voter behavior. The questions were as follows:
Q1: “I feel politicians should be more concerned about climate change and pollution”; Q2:
“Environmental factors influence the way I vote for political leaders”; and Q3: “I am single
issue voter, concerned only with environmental policy.” Our findings indicated that there
is a relationship between individuals’ political views and their attitudes towards green
consumer value and consumer decision-making toward single-use plastic waste. Table 5
presents the means, standard deviations, f-statistic, and p-value for the three political view
questions and shows the relationship between respondents’ political views and their values
towards green consumption and decision-making regarding single-use plastic waste. This
suggests that individuals’ political views may influence their values in green consumption
and therefore their behavior toward single-use plastic waste. However, the study did
not examine the direct impact of political affiliation (i.e., Democrat and Republican) on
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consumer behavior change. Further research is needed to fully understand the relationship
between political affiliation and policy toward single-use plastic waste.

Table 5. Political View Results.

Political View
Q1

Political View
Q2

Political View
Q3

Mean (SD) F (p) F (p) F (p)

Green Consumer
Values 3.95 (0.96) 37.82 (0.00) 47.12 (0.00) 9.03 (0.00)

Consumer
Behavior 4.30 (0.73) 88.71 (0.00) 68.51 (0.00) 15.71 (0.00)

As programs are introduced to states based on legislation enforcement of bans, rebates,
and rewards, consumers’ mere exposure to the campaigns can influence their consumer
decision-making. In addition, states with bans, rebates, and rewards provide single-use
plastic waste marketing material such as trash cans and imagery of plastic waste, such as
PSA video education about the effects of single-use plastic waste. These efforts may make
a difference in the consumer’s decision-making toward single-use plastic waste.

Personal locus in the model addresses green consumer values. Green consumer values
continue to provide a guide for sustainable consumption habits in consumer behavior
research [33]. In this study, we did not find support in the proximity to the ocean (location)
of the consumers for increased green consumer values. However, we did find support for
those states that had bans and/or deposit/rebate programs as reporting higher levels of
green consumer values (personal). This supports the need for more state government legis-
lation around single-use plastic waste programs to encourage consumers to reduce their
use of single-use plastic waste. Our study results support the effectiveness of government
bans and rebate or reward programs in changing consumer behaviors toward higher green
consumer values.

6. Conclusions, Limitations and Future Research Orientations

6.1. Conclusions

Using a social cognitive framework, these findings support the developing of regula-
tion around single-use plastic waste reduction. Therefore, we have done an exploratory
analysis of resources available to guide decision makers. There are many solutions that
policymakers, businesses, non-profits, educators, and consumers could use to become more
aware of the challenges faced by single-use plastic waste. Governmental organizations
working to investigate and prevent the adverse impacts of marine debris include NOAA
Marine Debris Program [44], for example, which has already funded many initiatives to
address these important organizational issues. These educational programs need the con-
tinued support of policymakers and the promotion of tools that include consumer-citizens
responsibilities [45,46]. For example, consumer-citizens’ responsibilities may include re-
cycling and reducing one’s use of single-use plastic waste. Prothero et al. [14] calls for an
increase in public environmental and social awareness through environmental education
in the school system, educational programming on television, and campaigns using social
media. To assist in the solutions initiative, this study categorizes existing solutions into a
database for decision makers to use in their efforts to prevent single-use plastic waste. To
date we have compiled over 100 resources. The guidebook of solutions to single-use plastic
waste mitigation can be found by following the QR Code (see Policy Solution Resource,
Figure 3) or following the link to the database https://tinyurl.com/SUPtogether (accessed
on 10 December 2022).
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Figure 3. Policy Solution Resource.
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A closer analysis of the resources gathered through a six-month analysis period shows
26 resources that are specifically tailored towards education on single-use plastic waste. Of
those resources, 17 came from the United States based on headquartered locations including
Washington D.C., CA, CO, HI, NY, and VT, with international locations represented by
resources from Australia, UK, Netherlands, Switzerland, New Zealand, and Kenya. This
collection of over 100 policy solutions has been categorized into five major resource groups:
(1) Business Resources (N = 25), (2) Public Policy Resources, (N = 5) (3) Nonprofit Resources,
(N = 15) (4) Education Resources, (N = 25); and (5) Personal Resources, (N = 33). A
structured search was conducted to find other means of communicating the single-use
plastic message beyond the video produced by the Plastic Pollution Coalition. The results
of a six-month search utilizing Google Trends to narrow the results applying keywords
such as “what are single-use plastic”, “single-use plastic”, “single-use plastic ban”, and
“plastic bag bans” developed categories for (1) name of resource, (2) content type, (3) policy
solution, and (4) link to information.

The solution guide provides those in practice with the necessary information to
continue to build their own tailored single-use plastic waste solutions. The tools and links
to more information include books, videos, websites, educational kits, documentaries,
movies, packaging alternatives, and many more. The current research adds to the existing
knowledge by expanding the discussion on sustainability with a focus on single-use plastic.
In addition, the paper synthesizes many resources as a form of a meta-analysis, enabling
stakeholders to meet their needs as well as provide scalable solutions for future endeavors.
In addition, the guide provides tools to guide policymakers and governments on how to
implement a ban or rebate program. For example, the Product Stewardship Institute (PSI)
provides an extended producers responsibility and the Break Free from Plastic Pollution
Act guides businesses on the steps to take to implement a program that works best for
industries. There are many free resources available for adaption to fit diverse needs.
For example, the state of Maine provides a ‘guide on single-use plastic carry-out bag
ban.’ These resources are listed as ‘business solutions’ and ‘public policy solutions’ on
https://tinyurl.com/SUPtogether (accessed on 10 December 2022).

6.2. Limitations and Future Research

This study is not without its limitations. Green consumer values were used to assess
sustainability perspectives of the survey results. As the use of the term sustainability
becomes more politically polarized, we may need to re-evaluate or relabel the use of the
word sustainability in ways similar to the rebranding of global warming as climate change.
In the current study, survey respondents were asked demographic questions by state,
making it hard to assess the effects of city and community bans. For example, Iowa was
considered a Republican state without statewide plastic waste bans, however communities
within Iowa are choosing to enforce city bans on plastic waste counter to the statewide
programs [40]. A future study exploring city-by-city green consumer values would add to
the existing research.

Further, a future study incorporating the additional resources found in Figure 3 would
be valuable. For example, participants’ familiarity with the Plastic Pollution Coalition, Jeff
Bridges, or single-use plastic causes needs to be addressed in the future. Finally, analyzing
results in a time series would be valuable to address participants’ experience with single-
use plastic waste. This may engage the discussion for others to seek out more information
that we would not fully understand within a complete time series analysis.

Another study that is worth undertaking would be to address an individual’s actual
consuming habits. For example, do respondents use reusable shopping bags in the su-
permarket in the plastic ban state and the no ban state? We know that bans and rebates
are making a difference in consumer behavior change. A next step would be to analyze
factors of motivation at the individual level. Many non-profit organizations such as the
Plastic Pollution Coalition call on individuals to ‘take action’. Compiling a list of single-use
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plastic decision-making habits and comparing this regulation would add value to the
existing study.

The English proverb “birds of a feather flock together” refers to how individuals with sim-
ilar thinking and lifestyles gravitate toward each other and live within similar communities.
Our findings suggest that individuals living in states with bans or rebate/reward programs
for green consumer behavior may already be more inclined towards green consumption,
and therefore more likely to report their use or lack of use of single-use plastic alternatives.
Additionally, these individuals may have already been exposed to or participated in cam-
paigns related to reducing single-use plastic waste. As we continue this study, we will
also investigate participants’ experiences with educational programs related to single-use
plastic waste. If our findings are supported by further research, it could help bring together
like-minded businesses, consumers, and decision makers in communities that share not
only similar lifestyles but also a commitment to sustainability issues, such as reducing
single-use plastic waste.
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Abstract: Microplastic contamination has become a concerning topic of study in recent decades.
This review discusses the development of microplastic pollution based on a selection of South
Asian countries consisting of Bangladesh, Iran, Philippines, Thailand, India, Indonesia, and Viet-
nam. The condition of microplastic pollution related to the abundance of microplastic found in
various environments as well as the presence of microplastics in food and the air, is covered in this
review. Several reports found that drinking water sourced from taps was found to have about 83%
of microplastic particles in the year 2017 based on results from 14 nations, and in the year 2018,
260 bodies of water for human consumption in 11 countries were found to have about 93% of
microplastic particles. Micro debris pollution in seas and oceans worldwide is predicted to be at
an amount of 236,000 metric tons based on a statistical report. A mean value of 30 micro debris
per liter of glacier water was recovered from the top of Mount Everest, whereas about 2200 small
particles per liter were discovered in the deep waters of the Mariana Trench. The main environments
that are severely microplastic-contaminated are water-based places such as rivers, estuaries, and
beaches. The presence of microplastics in food items, such as tea bags, sugar, shrimp paste, and salt
packets, has been reported. In terms of impacts on the environment, microplastic contamination
includes the ingestion of microplastics by aquatic creatures in water environments. The impacts on
terrestrial environments relate to microplastics sinking into the soil, leading to the alteration of the
physicochemical parameters of soil. Meanwhile, the impacts on the atmospheric environment include
the settling of microplastics on the external bodies of animals and humans.

Keywords: microplastics; pollution; contamination; environmental impacts; South Asian

1. Introduction

Plastics are polymeric materials mainly made up of hydrocarbons that are obtained
from charcoal, petroleum, and fossil gas, which can be molded and shaped by utilizing
pressure or heat methods. For instance, aerospace industries have been utilizing plastics
more than metal alloys for the construction of the interiors of aircraft, structural elements,
and navigation components due to the lighter weight of a plastic component than its metal
counterparts. For safety aspects, some translucent, lightweight plastic materials have been
found to exhibit high impact resistance, and these have additionally helped the aerospace
industry in saving fuel costs over the years. Plastics also have other outstanding properties,
such as low electrical conductivity, less density, high toughness, and transparency [1]. As
such, the utilization of plastic is widely preferred by many industries around the globe,
such as automotive, packaging, manufacturing, logistics and freight forwarding, medical
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and healthcare services, and many more industries. Although plastics have many good
properties, plastics decompose in landfills at a rate slower than any other waste, thus
leading to a high accumulation of plastic waste, which results in the degradation of plastic
materials into macro and microplastics [2]. In 2017, the usage of plastic drastically increased
to 350 million metric tons compared with only 1.5 million metric tons in 1950 [3].

Plastics dumped in landfill normally undergo interment in terrestrial areas, and some
of these waste plastics have a high probability of reaching aquatic environments. Most
plastic waste moves downstream through rivers into marine environments. Research has
shown that an approximation of 8 million metric tons to 11.5 million metric tons of plastic
were detected in marine environments [2]. The marine debris most commonly found in
oceans is known as microplastics, and the plastics vary in shape and size, with a size usually
smaller than five millimeters. Plastic products, such as bottles, synthetic clothes, plastic
bags, and cosmetics, have been identified as the main contributing sources to the formation
of microplastics [4]. Microplastics that degenerate from larger parts of plastic waste into
tiny plastic pieces are known as secondary microplastics. On the other hand, microbeads
are one type of microplastic consisting of small pieces of polyethylene plastic products
commonly used in health and beauty products as exfoliants, such as in toothpaste and
facial cleansers, as well as plastic pellets utilized by industrial manufacturers and synthetic
textile industries to produce plastic fibers such as nylon [4]. These microbead particles are
capable of flowing through water filtration membranes effortlessly from households and
subsequently being discharged into marine environments [4–8].

On the other hand, air pollution caused by microplastics occurs in the form of air-
borne particles and may cause health issues when inhaled. These microplastics are non-
biodegradable and thus highly increase the accumulation of these microplastics on land
and in marine environments. Marine deposits in seas and oceans that contain microplastics
may settle straight into liquid columns or implicitly via tides as well as sediments that are
washed into the water from cliffs. According to The Guardian, drinking water sourced from
taps was found to contain about 83% of small microplastic particles in the year 2017 based
on 14 nations, and in the year 2018, out of 260 water bodies used for human consumption
tested in 11 countries, about 93% of microplastic particles was reported [9]. At the same
time, Sebille et al. [10] reported that worldwide micro debris pollution throughout the seas
and oceans is predicted to be 236,000 metric tons based on a statistical report. A mean
value of 30 micro debris per liter of glacier water was recovered from the top of Mount
Everest, whereas about 2200 small particles per liter were discovered in the deep waters of
the Mariana Trench.

Microplastics have been identified in high quantities in about 114 species on land and
in water [4]. About 80% of microplastic pollution in the environment has been determined
to be from various sources. It has been shown that numerous invertebrate ocean and
sea animals, such as crabs and crustaceans, have microplastics in their digestive tracts
and tissues. Fish and air species, such as birds, ingest floating microplastics in seas and
oceans and from water surfaces at a high rate. These animals misinterpret plastic pieces as
food sources. Much of the data have been reported through global analysis, yet statistics
related to microplastic pollution in Asian countries microplastic currently remain unknown.
With this arising issue, a characterization study on microplastic pollution conditions in
South Asian countries is worthy of investigation. In this review, the characterization of the
microplastics present in South Asian countries was studied. The conditions of microplastic
pollution were analyzed, and the impacts on the environment were further discussed in
this review [4].

2. Countries of Study

2.1. Pakistan

According to Dowarah and Devipriya (2019) [11], the Arabian Sea contains approxi-
mately 0.2 million tons of polymer waste sent via the Mighty Indus. Pakistan generates
roughly 0.6 million tons of polymer. Irfan et al. (2020) [12] reported that polymers are pro-
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jected to make up almost 6% of the country’s overall solid waste, which is above 40 million
tons, with most debris discarded in exposed areas. Most of the megacities of the country
face significant challenges in fixing the issues related to urban waste. Moreover, the precise
volume of polymers in freshwater environments as well as microplastic contamination on
surface water, are often overlooked [12]. The Ravi River is one of the rivers that flows by
Lahore and is also known as the city’s most prominent housing, industrial, and commercial
center. The Ravi River accumulates various sorts of polymer waste, and this polymer
waste eventually degenerates into microplastics [12]. In addition to the Ravi River, the
Arabian Sea has a coastal area in Pakistan that is about 1000 km, where a high amount of
microplastics is located [13]. The literature was studied based on the water surface and
sediment of the Ravi River and Arabian Sea of Pakistan, where samples collected around
the Ravi River originated from a combination of drainage, canals, and wastewater from
households, known as sullage [12,13]. The microplastics concentrated on the surface water
of the Arabian Sea was an average of 582.12 particles per liter, with a standard deviation
of 246.14, whereas at the Ravi River, a mean value of 2074 pieces/m3, with a standard
deviation of 3651 [12,13]. With these results, both the Ravi River in Lahore and the Arabian
Seacoast have been deemed to be polluted based on the surface water values. According
to Business Recorder (2016) [14], Lahore is a megacity that ranks second as the city with
the highest population in Pakistan. The Ravi River has become a severely contaminated
waterway as a result of by-products from various businesses and tons of metropolitan
wastewater [14].

The shapes of the microplastic identified in both areas of study were fragments, sheets,
beads, foams, and fibers, where fragments were found to be the highest, 56.1%, in the Ravi
River; subsequently, fibers accounted for 38.6%, and foams, sheets, and beads were found
to be below 3% [12]. According to Ahmed et al. [13], fibers were abundantly found in
surface water samples from the Arabian Sea, with a percentage of 99.77% and a balanced
percentage accounted for by beads, sheets, and fragments [13]. The micro debris, with a
size range between 300 μm and 500 μm, was primarily found in the surface water samples
of the Ravi River, whereas particles of 55 μm were primarily located in the Arabian Sea
specimens; subsequently, 500 μm-sized particles accounted for 35.53%, and there was a
balanced percentage for 250 μm-sized particles [12,13]. A significant fraction of the large-
dimensioned micro debris floating on the water might relate to the source’s vicinity and a
decreased time frame for fragmentation to occur [15,16].

The microplastics concentrated in the dregs of the Arabian Sea were, an average,
987.40 particles per liter, with a standard deviation of 617.06, whereas in the Ravi River, there
was a mean value concentration of 3726 pieces/m2, with a standard deviation of 9030 [12,13].
These values also show that the microplastic pollution in the sediment specimens is similar
to the pollution levels of the water surface specimens. In the collected sediments, the speci-
mens from the Ravi River, a higher segment of fragments was distinguished, resulting in an
amount of 83.1% out of the total microplastics extracted from the dregs; subsequently, fibers
amounted to 11.8% and were balanced by other polymers, such as beads and foams [12].
The Arabian Seashore samples exhibited higher fractions of fiber, similar to that of surface
water specimens, with a value of 99.24% out of the total 4900 microplastics from the dregs,
subsequently below that of the 0.8% of the other shapes, such as fragment forms, beads,
and sheets [13]. Microplastics, ranging in size between 150 and 300 μm, were significantly
identified in the dregs collected from the Ravi River, whereas the Arabian shore specimens
have a greater proportion of micro debris in the size range of 55 μm, with a percentage of
43.98% out of the total microplastics categorized in the sediment samples, and the least was
found to be 22.82% for the size of 250 μm [12,13].

From both pieces of research conducted in Pakistan, it is evident that fibers were found
in both locations of the Ravi River and Arabian Seashore, with a high amount of fibers
found in the dregs and water surface specimens collected from the Arabian Seacoast and
Ravi River. The primary driver of fiber microplastics into sewers is the discharge resulting
from household chores, such as laundry, which substantially contributes to the amount of
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these microplastic particles found throughout the river. According to Irfan et al. (2020), the
occurrence of a large number of fragmented microplastics in water specimens of sullage
may be due to the decomposition of openly disposed plastic wastes dumped in the nearby
surroundings [12]. In addition, plastic waste may be flushed into rivers and lakes during
monsoon periods when there are massive amounts of waste discarded near drains and
canals [12].

2.2. Saudi Arabia

In the year 2019, in the Middle East, Saudi Arabia was known as having one of the largest
industries for the production of goods packaging, with an estimated value of USD 8.07 billion
and residents using about 40 kg of polymer bags annually. The European Union reported that
such usage is approximately twenty times more than the worldwide mean [17,18]. According
to Al-Lihaibi et al. [18], Saudi Arabia has an approximate headcount of 34 million citizens.
In earlier decades, major increases in the population of countries and industrialization
have resulted in massive quantities of solid waste disposal [19]. The improper disposal of
non-biodegradable items, such as reusable cans and totes, produces large quantities of hard
waste, specifically during the holy periods of Ramadan and Haj. According to the research,
only 10 to 20% of the total recyclables were successfully recovered and repurposed [20,21].

According to Pico et al. [22], Riyadh is a prominent economic, commercial, and
production industry hub, covering a population of about 7.6 million residents, with many
manufacturing companies generating polymer products that are capable of utilizing a great
number of plastics. On the other hand, Al-Jubail is also one of the biggest petrochemical
production regions that produce polymer resins and synthetic materials [22]. A study
based on these two cities was conducted by obtaining surface water specimens. The mean
concentrations of microplastics in Riyadh and Al-Jubail were 3.2 ± 0.2 items per liter and
0.2 ± 0.1 items per liter, respectively [22]. These mean results indicate that these towns have
been contaminated with microplastics. Based on Figure 1, fibers are highly distinguished,
accounting for 60% of the total microplastics extracted from the specimens (with only 1%
lesser fiber found in Riyadh), subsequently fragment-shaped and spherules microplastics
account for 15% each, and the remaining percentage consists of other kinds of minor
shapes [22]. Most of the micro debris extracted was between 50 μm and 1000 μm, with the
highest percentage of 35% in the group ranging from 50 μm to 100 μm, followed by 25% in
the group ranging from 100 μm to 250 μm [22].

 

0

20

40

60

80

100

Fiber Spherules Fragments Others

Pe
rc

en
ta

ge
 o

f m
icr

op
la

st
ics

 
sh

ap
es

, %

Types of microplastics shapes 

Figure 1. Percentage of microplastic shapes from surface water specimens (re-plot from data of
Riyadh and Al-Jubail [22].
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Based on Figure 2, polypropylene (PP) was the most abundant polymer from the surface
water specimens sourced from Riyadh and the second highest in Al-Jubail, with a percentage
difference of 6%. While polyethylene was found to be the most significant identified in
Al-Jubail, with 24%, and a percentage of 19% of polyethylene was found in Riyadh.

Figure 2. Average percentage of polymers from surface water specimens in Riyadh and Al-Jubail
towns (Replot from data in Pico et al. [22].

Jeddah, with a populace of 3.4 million people, is known to be one of Saudi Ara-
bia’s biggest towns, and it is situated on the Red Sea’s eastern shore. According to
Anjum et al. [21], the town generates roughly two million tons of trash per annum. A
study on microplastic contamination has been conducted on four different areas linked to
the Jeddah shoreline. Sediments were collected from open sandy beaches and wastewater-
releasing areas near the surroundings of Jeddah. Overall, the sediment specimens were
found to contain approximately 119 particles per kg [23]. The open beaches were found
to have a significant number of unevenly shaped fragments and foams, whereas sewage
discharge sites have higher numbers of granular and fiber shapes [23]. The presence of
granular shapes may be due to the discharge of microplastics in sewage. The polymers
that were present in the dregs of both sampling locations are polyethylene terephthalate,
polystyrene, polyester, and other minor polymers with percentages of 37%, 12%, 4%, and
the remaining 53%, respectively [23]. The remaining proportions of microplastics could not
be classified due to the use of low-quality equipment.

In summary, Saudi Arabia is a country facing increasing microplastic pollution; how-
ever, limited studies have been conducted to classify the presence and abundance of
microplastics in the country. According to Pico et al. [22], the presence and quantity of
microplastics can be impacted by the type of industry present in the metropolis and the
growth of the town. Therefore, towns may have similar populations yet distinct character-
istics, with varying numbers and distributions of microplastics, which is well evident by
the greater abundance of micro debris in Riyadh compared to Al-Jubail [22]. In addition,
public beaches may be polluted due to tourists and tourism-related events [23]. The high
amount of fibrous and granular microplastics at sewage discharge ports may be due to the
deposition of sewage at those ports and residues from clothing generated as fibers from
laundry emanating via untreated wastewater [23].

2.3. Bangladesh

The characterization of the microplastics present in certain well-known areas in
Bangladesh was established and studied. There are two main types of samples collected in
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this study, sediment and water, based on six locations across the country. Water sampling
was undertaken in two different research areas, which were urban lakes and rivers. Lakes
are well noted for providing essential ecological amenities, such as providing a place for
wildlife habitation, farming, flood defenses, water storage areas, weather regulation, and
tourist activities [24,25]. In contrast to natural waterways, several urban lakes are specifi-
cally designed to handle urban overflow and collect rainwater, causing it to be vulnerable
to anthropogenic contamination, ecological strain, and microplastics, becoming highly
prevalent in wetlands due to greater anthropogenic occurrence [26–29].

Water specimens were collected from lakes in Dhaka, a highly populated and fast-
expanding megacity area. In this area, microplastic contamination is mainly due to abun-
dant plastic degradation caused by anthropogenic activities. While in another study,
samples were taken from Karnafully river, where there are about eight million people
residing close to the river situated in Chattogram, Bangladesh’s second largest town and a
corporate hub. The dominant shape of microplastic in the lake were films, micro pellets, and
fragments, with a percentage of 40.91%, 36.36%, and 22.73%, respectively, whereas in the
river, with a percentage of 83%, fibers were the most common type of micro debris, followed
by fragments [30,31]. More than 50% of microplastics of a size smaller than 1 mm were
highly located in the Karnafully river water samples, as shown in Table 1. According to
Hossain et al. [30], strong tides, semidiurnal tide motion, and sea transportation could gen-
erate sufficient turbulence in the river and shred the plastic materials into tiny particles [30].
In terms of the plastic polymers found in both of the areas, high-density polyethylene
(HDPE) was the most abundant found, with 60% in urban lakes, and polyvinyl chloride
(PVC) and polycarbonate (PC) were present with equal percentages of 20% [31]. However,
there was no information on the polymer types from the river water sample analysis.

Table 1. Characterization of microplastic present in environments of Bangladesh.

Location Environment Type of Sample
Dominant

Shape
Size

Dominant
Polymers

Reference

Cox’s Bazar Natural Beach Beach sediment

Fibers (53%)
Films (20%)
Fragments

(12%)
Microbead

(9%)
Others (6%)

1–5 mm (59%)
0.5–1 mm

(27%)
<0.5 mm (14%)

- [32]

Kuakata Beach Beach Beach sediment

Fibers (55%)
Fragment (15%)

Films (14%)
Microbead

(10%)

1–5 mm (55%)
0.5–1 mm (31%)
<0.5 mm (14%)

PET, PE and
PP (45.5%) [33]

St. Martin’s
Island Coastal beach Coastal sediment

Fibers (50%)
Films (26%)
Foam (14%)

Fragment (10%)

1–5 mm (25%)
0.5–1 mm (57%)
<0.5 mm (18%)

Rayon (32%)
Nylon (17%)

PE (16%)
PUR (11%)

Others (24%)

[34]

Cox’s Bazar Beach Beach Sediment

Fragment (64%)
Foam (15%)
Fibers (9%)
Bead (6%)
Film (6)

-

PP (47%)
PE (23%)
PS (9%)
UD (9%)

Others (12%)

[35]
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Table 1. Cont.

Location Environment Type of Sample
Dominant

Shape
Size

Dominant
Polymers

Reference

Karnafully
river

River

Surface water Fibers (83%)
Fragment (17%)

1–5 mm
(24%)

<1 mm
(59%)

-

[30]

Sediment

Fibers (56%)
Fragments

(34%)
Film (6%)

Pellets (3%)

<1 mm (39%) -

Dhaka Urban Lakes

Water

Film (40.91%)
Micro pellets

(36.36%)
Fragments

(22.73%)
Fiber (13.63%)

-
HDPE (60%)
PVC (20%)
PC (20%)

[31]

Sediment

Film (33.33%)
Fiber (30.55%)

Fragment
(27.77%)

-

HDPE
(42.85%)

PC (28.57%)
CA (14.28%)
PP (14.28%)

Based on other research conducted on sediment samples, the sediment samples were
categorized into various types: coastal sediments, beach sediments, and sediments from
lakes and rivers [30,32–34,36]. St. Martin Island is currently the sole coral area in the
country, and the number of travelers visiting the island has risen in current times, and
tourist industry development plans have also grown, leading the number of ecological
contaminants to surge on the island [36]. According to Tajwar et al. [34], many travelers
visit St. Martin for its picturesque coral coast. Coastal sediment analysis from this island
showed more than 50% fiber-shaped microplastics, similar to the studies from different
researchers based on sediment extracted from Cox’s Bazar, Kuakata Beach, and Karnafully
river, in which fibers were dominant [30,32,33]. Cox’s Bazar is also known to be a favored
tourist spot due to the mountains and dunes surrounding the beach. An implication that
fiber accumulation on the island and Cox’s Bazar beach could be due to the utilization
of swimwear and UV-protective garments produced from synthetic fibers as well as the
traveler’s activities in the area [32,34]. However, in another study by Rahman et al. [35],
fragments were the highest found, with 64%, and 9% of the beach sediment samples from
Cox’s Bazar were fibers. This may be due to the sampling location, which was different
from that of [32], and the sampling collection time was from august to yearend, including
the traveler visiting season.

According to Banik et al. [33], increased fiber might be due to the generation of waste
related to the textiles industry, such as apparel manufacturing, household launder released
into the rivers, and fishing-related waste in the Bay of Bengal [33]. In the sediment sample
from the urban lake, films, fibers, and fragments were almost equally dominant, where
films are generated from the breakage of plastic bags and fragments potentially originate
from remnants of polymer trash that arise from the direct disposal of solid waste [31,37].
Dhaka city deals with large amounts of pollutants discharged from drains, municipal waste
disposal, and the discharge of unprocessed household and corporate effluents [31]. The
sizes of microplastic from the sediment samples were mostly 1–5 mm with high percentages,
as shown in Table 1; however, Karnafully river sediment specimen microplastics were
mostly smaller than 1 mm, which may have decomposed as a result of aging and wear. The
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decomposition of plastic waste into smaller microplastics was affected by environmental
factors and hydrodynamic fluctuations [38].

In addition, Kuakata beach samples were found to consist of polyethylene terephtha-
late (PET), polyethylene (PE), and polypropylene (PP). The different types of plastic waste
were highly extracted from the collected beach samples [33]. According to Banik et al. [33],
PET and PP may originate from garments and fabric items as these are vastly utilized. PE
is a type of polymer that is frequently utilized in meal packaging sheets and bottles for the
products of gels and cleansers [39,40]. This type of polymer was evidently located in Cox’s
Bazar sediment samples, while the PP-type waste was found to be the highest, 47% [35]. In
contrast, regarding St. Martin sampling, rayon followed by nylon polymers were highly
found in the island specimens. According to Lebreton et al. [41], the presence of these
polymers along the seaside was mainly due to the utilization of hard polymers in meshes
and cords, which tend to be produced using these polymers [34,41]. Conversely, the waste
from high-density polyethylene (HDPE) was extracted the most, 43%, in the sediment
sample analysis from the lakes of Dhaka city, and this observation is mainly attributed to
the increased utilization of plastic products made of PE. Subsequently, polycarbonate waste
was extracted with 28% from the sediment sample [31].

Microplastic pollution is prevalent in the twain terrestrial and maritime ecosystems of
Bangladesh based on the research carried out by professional organizations [42]. The Bay of
Bengal is significantly polluted with microparticles from both internal and external sources.
The sediments or water stream may have contributed to the emergence of microparticles
in the area, according to Browne et al. [43] and Thompson [44]. They mentioned that mi-
croplastics can flow easily through filtration units of wastewater and sewerage purification
plants [32]. Furthermore, winds may carry microparticles from one section to another
section of the Bay of Bengal toward the shoreline and dunes. These three key streams are
known as Padma, Meghna, and Jamuna in Bangladesh, and these could perhaps facilitate
the transfer phenomenon [32].

The presence of microplastics in sugar, teabags, salt, and environments, such as
rivers and islands, has raised alarm concerning the severe pollution conditions of these
microplastics in the country. The survival of coral reefs in Bangladesh is a matter of study
by researchers; St. Martin is currently the only coral island in Bangladesh and has more
than 3000 travelers per year visiting the island. According to Gazi et al. [45], various studies
have shown that coral reefs have considerably decreased recently [34]. Coral reefs are the
ocean’s biggest diverse biome and serve as coastal screens to preserve the shore from the
sea’s damaging effects, and these corals consume aquatic microorganisms for survival [46].
However, the presence of microplastic pollutants in the sea has affected coral viability
as aquatic microorganisms could ingest the micro debris. Eventually, this condition has
resulted in reducing the number of coral reefs in the ocean.

In addition, a recent study has shown the existence of microplastics in sugar and
teabags based on two different analyses conducted based on five retail sugars and five
flavored teabags, including branded packets purchased from various retailers in Dhaka
City. These analyses showed a mean of 343.7 ± 32.08 microplastics per kg of sample
sugar, with a greater prevalence of small fibers and spherules where the particles were
mostly 300 μm in size. On the other hand, the teabag analysis was found to have high
amounts of microplastics in unopened tea bags compared with the opened tea bag, with a
greater frequency of fibers and fragments [47,48]. Bangladesh’s sugar sector contributes
significantly to the development of remote area facilities, labor opportunities for villagers,
farmer income, forex savings, and quality enhancement to jaggery businesses and waste
sectors [49]. Moreover, the country is a huge tea manufacturing nation, producing about
82.13 million kg of tea, based on figures from 2018. They also estimated an increased rate
of 1.89% annually for the following years, leading to the country being ranked as the 10th
biggest tea manufacturer worldwide [50,51].

Recent statistics on sugar utilization per individual in the country showed a peak in
the year 2019, with a mass of 6.18 kg, which was 6% higher than in the year 2018 [52]. With
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these sugar intake statistics, the continued consumption of sugar containing microplastic
contaminants has the possibility to result in a yearly intake of tons of microparticles, on
average about 10.2 tons comprising a variety of forms, sizes, and polymer constituents [47].
According to Afrin et al. [48], the release of microplastic particles through tea packets in
Dhaka town can result in an estimated microplastic release rate of 10.9 million grams yearly.
This high release rate can spread higher amounts of microplastic to various habitats [48].
Furthermore, the presence of microplastics in salts has also become a matter of study in
Bangladesh. According to Parvin et al. [53], a mean amount of approximately 2676 mi-
croplastics per kg was discovered in retail sea salt purchased from various regional markets
and grocery stores. Equally, both the purified and improperly refined salts consist of a
significant number of microplastic contaminants [53]. The increased amounts of polymer
pollution or microplastic contamination throughout coasts and salt-farming areas may be
the reason for the discovery of microplastics in sea salt.

Based on a study conducted by Rakib et al. [54], microplastics have been detected
in sea salt specimens collected from salt pans at Bangladesh’s biggest salt-farming region
located in the Maheshkhali Channel. They also concluded that the amount of microplastics
detected reached an average value between 74.7 and 136.7 particles per kg [54]. In addition
to that, microplastics have been discovered in sediment samples from St. Martin Island that
amounted to 250 micro debris per kg [34]. Based on the beach sediment analysis conducted
at Cox’s Bazar, microplastics amounted to an average of 368.68 ± 10.65 particles per kg [32]
and 8.1 ± 2.9 microparticles per kg [35]. Both studies conducted by Hossain et al. [32] and
Rahman et al. [35] on Cox’s Bazar indicate that the differences in values may be inferred
from the different sampling points of the sediments and other natural environmental
factors, such as the wave-induced transfer of microplastics. The wave-induced transfer
could transfer microplastics across a larger distribution area. In addition, based on a
recent analysis of one of the river streams in Bangladesh known as the Karnafully stream,
this stream was found to consist of micro debris that amounted to a mean of 2.11 ± 1.15
microplastics per liter of top water specimen. Furthermore, the daily load of microparticles
flushed into the Bay of Bengal through the river during summer was computed to be
61.3 × 109 microplastics per day [30].

Stream water is utilized for commercial, agricultural, and domestic purposes. How-
ever, the river is currently heavily contaminated with hazardous organic and inorganic
contaminants [30,55]. The stream absorbs water inflow from numerous channels and
tributaries along the way toward the Bay of Bengal and contains significant amounts of
particulate and liquid waste originating from corporate, domestic, and rural areas in Chat-
togram [56]. Furthermore, farmers employ various insecticides and manures to improve
yield, and the agricultural residues contaminate the stream water via canal outflows as
agricultural works are widespread close to the river [56]. Approximately 750 sectors, such
as garments, packaging, recycling, laundry, coating, automotive, heavy machinery, etc.,
explicitly or implicitly release unprocessed waste or effluent into the Karnafully water
stream in which the closest municipal areas to Chattogram discard waste into the stream,
significantly contributing to microplastic prevalence [30]. Statistics have shown that as of
2018, the town’s municipal waste from different sources reached 2289 tons a day, including
plastic items, which amounted to 8.3% [57].

Several potential factors that lead to elevated levels of micro debris include the disposal
of defective fish meshes, cords, buoys, and fishing boxes at the Karnafully stream bank. The
flow sections of this river along the country’s business centers are likewise contaminated
with micro debris, which could be a result of inadequate facilities to manage wastewater
in urban areas nearby the Karnafully River [30]. The abundance of the microplastics
discovered at the shore, beach, and river areas denotes the development of microparticles
in the water throughout the Bay of Bengal that eventually build up in sea salts. Moreover,
according to Parvin et al. [53], exposure to small plastic debris through salt has been
predicted to constitute up to an average of 13088 microparticles annually. These data were
computed based on the average quantity of microplastics, about 2676 microplastics per
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kg, discovered from the sea salt analysis as well as the average per day salt intake level of
13.4 g by the people living in Bangladesh [53,58].

2.4. India

The characterization of microplastic in India was analyzed based on a few environ-
ments in India, such as estuaries, city streets, beaches, and coastal areas. Karthikapally and
Panmana are situated on a hollow saline liquid lagoon known as the Kayamkulam estuary.
The estuary region holds a significant quantity of sediments due to the low slope around the
junction, with either backwaters or ponds [59]. A high amount of fiber-shaped micro debris,
which amounted to 61.08%, was discovered in the estuarine sample [59], which is in line
with analysis conducted at the Vellar estuary. They reported that fiber was predominant in
the estuarine sample, 58.46% in the sediment and 79.29% in the estuarine water [60]. The
minor form of small particles in the Vellar estuarine sediment were fragments and glitter,
with 12.33% and 21.83%, respectively, which is in contrast to the estuarine sediment at
Kayamkulam, with filaments and fragments as the minority of shaped microplastics [59,60].
Clay, gault in black, and silt, including alluvial deposits, make up the estuarine cliffs where
the deposits affect the estuarine area. The ground of the Vellar estuarine is known to be
Tamil Nadu’s finest fertile firth [59,60]. The majority of the micro debris range in sizes of
less than 1000 μm, as shown in Table 2.

Table 2. Characterization of microplastic present in environments of India.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Kayamkulam
Estuary Estuary Estuarine

sediment

Fiber (61.08%)
Filament
(33.94%)

Fragment
(4.52%)

1000–3000 μm
(29.86%)

<1000 μm
(62.90%)

>3000 μm
(7.24%)

PE (22.62%)
Polyester
(42.98%)

PP (34.38%)

[59]

Chennai City Streets Street dust
Fragment
(92.46%)

Fiber (7.54%)
-

PVC (24%)
Superflex (14%)

Microcrys-
talline (19%)
PTFE (14%)
HDPE (9%)

[54]

Marina Beach Beach Beach sediment

Fragments
(33%)

Fiber (15%)
Foam (12%)
Film (10%)
Pellet (6%)

0.1–3 mm
<2 mm (50%)

PE (29.9%)
PP (16.9%)

PVC (10.9%)
Polyester (9.9%)

Nylon (7.9%)

[61]

Karnataka Beach Beach sediment

Fragments
(46%)

Fiber (34%)
Films (12%)
Pellet (8%)

0.1–1 mm (49%)
1–2 mm (27%)
2–5 mm (24%)

PE (37%)
PP (26%)
PS (17%)

Nylon (9%)
Others (11%)

[62]

Puducherry Beach Beach sediment

Fragments
(56.32%)

Fiber (15.85%)
Film (13.54%)
Foam (8.27%)

Others (6.02%)

1000–3000 μm
(31.40%)

300–500 μm
(34.88%)

500–800 μm
(20.93%)

- [11]
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Table 2. Cont.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Vellar Estuary Estuary

Estuarine water
Fibers (79.29%)

Fragments
(13.61%)

-
LDPE (58%)

PP (36%)
Others (6%)

[60]

Estuarine
sediment

Fiber (58.46%)
Glitter (21.83%)

Fragment
(12.33%)

Others (7.39%)

-

LDPE (45%)
PP (35%)
PVC (5%)
PVA (4%)

Others (11%)

Odisha Coast Coast Coast sediment

Fragments
(70.65%)

Fibers (27.05%)
Spherules

(2.30%)

500–1000 μm
(27.84%)

250–500 μm
(21.11%)

100–250 μm
(15.67%)

>1 mm (23.90%)

12 Polymers
detected

(E.g HDPE,
PVC, BR, PP,

PTFE, SMMA)

[63]

South Andaman
Coast Coast Coast sediment

Fragments
(75.76%)

Fibers (21.76%)
Spherules

(2.46%)

500–1000 μm
(39.71%)

250–500 μm
(22.67%)
<100 μm
(28.65%)

Others (8.94%)

13 polymers
detected

(e.g., PP, BR
PVC, ABS,
Nylon 6)

[63]

PE is the third highest microplastic type found in the Kayamkulam estuarine [60],
which contrasts with the sampling conducted in the Vellar estuary, where LDPE was most
prominent in both water and sediment estuarine specimens [60]. Polyester-type waste was
the majority discovered in the Kayamkulam estuary, amounting to 42.98% [59]. Moreover,
based on a study conducted by Venkatramanan et al. [61], a lower percentage of polyester-
type microplastics was found in the sediments collected from Marina beach. The beach
samples have a large number of PE microplastics, 29.9%, followed by PP microplastics, with
16.9% [61]. This is a popular site in the state that attracts roughly 50,000 people a day for
vacation holidays, eventually causing a severe accumulation of plastic litter on the beach.
There is a lack of awareness and knowledge of both people and the government related
to the detrimental impact of plastic waste contamination on the environment and human
health. This may be the main reason that the pollution caused by plastic contamination
is not regarded as a severe issue at Marina beach [61]. The predominant presence of PE
and PP discovered are similar to the study conducted in Karnataka, where 37% and 26%,
respectively, were extracted [62]. Moreover, the presence of nylon in Karnataka and Marina
was a result of the utilization of fishing nets in that area.

The main human activities near Karnataka beach, the visitation of travelers, businesses,
fishing ports, and touchdown areas, could have contributed to the presence of micro debris
in that location [62]. In addition, common forms of microparticles extracted from Karnataka
sediment samplings are fragments and fiber-shaped small debris [62], in line with the
studies carried out using Puducherry beach sediments [11] and sediment samplings from
Marina beach [61], as shown in Table 2. The abundant dimensions of microplastics discov-
ered on all three beaches were between 1 and 3 mm. Furthermore, the significant presence
of fibers and fragments was similar to the samplings of sediment from the coasts of Odisha
and South Andaman, with more than 90% on both coasts, respectively [63,64]. Both Odisha
and South Andaman coasts had 27.84% and 39.71%, respectively, of microplastics sized
between 500 and 1000 μm [63,64]. In terms of the polymer types, both coasts had a few
similar polymers discovered, such as PP, PVC, and BR, with no percentages to indicate
dominance in both analyses. In another analysis based on Chennai Road dust, various
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types of polymer waste were observed, such as PVC, which is the major micro polymer
with 24%. Subsequently, microcrystalline waste was found with 19% to be the second
highest, followed by PTFE and Superflex 200, both 14%, respectively [65].

PVC waste may have originated from the extensive utilization of item packaging,
powerlines along the streets, and automobile wear-offs that end up on the street [65].
According to Thomas [66], ductwork and bottles used to store volatile chemicals and caustic
substances frequently include PTFE. PTFE is mainly utilized in the production of cookware
and kitchen utensils, serving as a non-stick layer [65]. Microcrystalline products serve as
important elements in various industries, such as food, where they are utilized as stabilizing
agents, especially in the soft drink industry, to serve as emulsifiers. Microcrystalline
products are also used in beauty products as thickeners [65]. In the road sample, fragments
and fiber were the major micro debris detected, which is similar to the beach sediment and
coast sample sediment analysis conducted in certain places in India, as shown in Table 2.
The urban cluster in Chennai has a population of around 10.9 million people living in the
town based on figures from 2020. As a result, compared to nearby coastal towns along the
country’s East Coast, Chennai residents utilize plastic in significantly greater quantities [61].
The small plastic debris discovered on the streets is one of the concerning factors as these
small particles could potentially enter land and marine habitats through several routes
facilitated by automobile movement, snow, rainfall, and wind.

In an evaluation, roughly 85% of the polymer waste in the country is improperly
handled and has the propensity to enter the ecosystem, particularly surface water net-
works [67]. According to CPCB (2018) statistics, 62 million tons of municipal waste were
produced in the country in 2015. They also found that 82% of the waste was collected, and
the remaining percentage was discarded as waste [68]. In addition, based on Joshi and
Ahmed [69], a continued reliance on landfill as a disposal pathway for municipal solid
waste treatment by urban government authorities may lead to an upsurge in municipal
solid waste accumulation of nearly 300 million tons annually by the year 2051. This is
because of the significant population growth that contributes to the generation of plastic
waste [69,70]. Additionally, according to Jambeck et al. [71], approximately 0.24 million
tons of polymer waste are dumped into the sea each year; India is fourth in the world in
terms of the improper management of polymer waste [72]. In a recent study conducted
by Yadav, Sethulekshmi and Shriwastav [73], the probability of susceptibility to micro
debris through some major sources, such as consumer water, food, air, etc., was conducted
by collecting samples from respective sources [73]. The predicted daily vulnerability
in consuming water, breathing air, and consuming food were estimated to be around
382 ± 205, 594 ± 269, and 1036 ± 493 microplastics, respectively, per individual [73]. These
results are based on conjecture and presumption. However, the actual findings could be
considerably higher than the predicted approximations.

In addition, Yadav, Sethulekshmi and Shriwastav [73] reported that the existence of
friction while handling, packaging edge-cutting, storage processes, and shipping could lead
to the breakdown of the wrapping materials into smaller pieces. This source of microplastic
contamination is considered secondary micro debris present in prepared meals. In addition,
small particles have been reported to be present in salt based on a few salt specimen studies.
The majority of coastal areas in India produce salt, such as Gujarat and Tamil Nadu, which
are known as the largest salt producers in India. Generally, salt pans utilize sea or estuary
water as their basis for the generation of salt, although there are certain salt pans that still
employ groundwater [60]. In research conducted by Nithin et al. [60], approximately 3.67
to 21.33 nos/10 g microparticles were detected in the salt. In this area of study, brine liquids
via the Vellar estuarine were employed for the salt pans as a basis for the generation of
salts [60]. Nylon and LDPE microplastic were the predominant polymer types discovered
in the salt [60], which is relevant to the Vellar estuarine. LDPE-type microplastic was the
major polymer found in the water and sediment specimens. It can be deduced that LDPE
microplastics may have settled in the salt as Vellar estuarine fluids are utilized as a source
for the generation of salt. In addition, another salt pan analysis at Tuticorin, where the salt
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is generated through the utilization of marine and borewell liquids, showed the presence
of approximately 54 ± 13.4 and 12 ± 9.5 particles per kg, respectively [74].

With the obtained data, the researchers inferred that an individual might consume 216
and 48 particles annually from marine salt and bore well salt, respectively. On average, it is
predicted that individuals consume 5 g of salt per day [74,75]. Seth and Shriwastav [76]
deduced that the presence of micro debris might be due to the notion that marine salt is
the direct output of shore liquids. Furthermore, based on CPCB yearly statistics, Gujarat
is one of the top three areas for generating plastic waste, as reflected in its ecosystem,
corresponding with the findings concerning an analysis of Gujarat fine salt, where about
pieces of 1075 small debris were discovered [77]. Moreover, a mean amount of fewer than
700 microplastics per kg was extracted from retail salt packets [78]. The utilization of
marine liquid, bore well liquid, and brine liquid originating from the estuarine showed that
the presence of microplastics in water or sediment samples has a direct influence on the
presence of microplastics in salt. Additionally, river streams that contain microplastics have
a high possibility of transferring the micro debris to lakes that mainly receive water via
river streams. One such lake in India that receives water via two different rivers, Vadavaru
and Sengal, is known as Veeranam lake.

Veeranam lake is among the oldest and biggest basins in South India [79]. In the
analysis, sediment specimens were collected from the lake’s bottom, and it was revealed
that there was an average amount of 309 microplastics per kg of sediment [79]. In addition
to the transfer of micro debris via river streams, fishing activities have also contributed to
microparticle abundance, as a significant quantity of worn-off plastic polymers from fishery
equipment might seep into the lake. Additionally, to further explain the situation related
to microplastics in India, in mid-August 2021, a news article was released stating that
residential faucets exhibited the presence of microplastics in faucet water samples [80]. A
test conducted by obtaining faucet water specimens and water purification facilities in Goa
showed about 288 microparticles consisting of 26 kinds of plastic polymers [81]. Moreover,
The Hindustan Times [82] stated that water purification facilities might moderately lower
the number of small particles in water; however, they are not completely removed. This
statement was justified with a report based on an analysis conducted by NIO in which
purified water from the treatment facilitates showed the presence of microplastics in the
range of 1 to 3.8 small particles per liter of water [82]. These microplastics in tap water
can be hazardous to humans if ingested; however, there is no research or proof to show
ingestion by humans or the related risk factors in India to date.

Furthermore, India is known to be the second highest flood-prone nation, with many
areas of the country susceptible to flooding [83]. The microplastic issue in certain areas
of India is severely impacted by the heightened occurrence of floods, together with the
large volume of improperly handled plastic waste [84]. In fact, such a situation has caused
top waters, sediments from deep waters, and beach areas to accumulate almost double
the amount of an overall average of 246 to 506 microplastics after floods, as landed in
Kerala in the year 2018, which was one of the five most severe flood occurrences in the
country, as stated by World Meteorological Organization [84]. The after-flood sample study
showed that the mean amount of microplastic in the top water was 174,016 ± 103,470
particles per kilometer and 28 ± 7 and 68 ± 19 particles per kg in deep water and shore
sediment specimens, respectively [84], which were considerably higher after the floods.
Commonly, after flood occurrences, strong waves overrun shores, inducing buried small
particles to be swept toward sea waters, generating an overabundance of microplastics
throughout seawaters.

2.5. Indonesia

Based on water and sediment sample analysis, foams were dominantly discovered
from a few places in Indonesia, such as at Surabaya, which involved a few sampling spots:
bays, beaches, and shore water specimens, with a percentage of 58.44% [85], sediment
from wildlife reserve mangrove with an abundance of 13.33 ± 8.54 particles per kg [86]
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and Bantan bay sediments with a percentage of 30.4% [87]. The emergence of foams is
caused by pieces or shards of Styrofoam [87]. Surabaya serves as a hub for maritime transit,
fishing, as an attraction site, and as a home for fisherman [87]. The water specimen analysis
from a few spots of Surabaya showed fragments. They are the second highest type of
small particles extracted, and large amounts of particles, ranging between 300 and 1000 μm
from the overall microplastics, accounted for 94.02% [87]. The river water of Surabaya
at different depth zones showed the highest number of fragments located at the top and
mid-level of the water. Whereas films were the highest at the low level of the river, with the
greatest abundance of large microparticles in all three depth zones, as shown in Table 3 [88].

Table 3. Characterization of microplastics present in Indonesia.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Northern Surabaya Bay, Beach
and Coastal Water

Fibers (3.32%)
Foams (58.44%)

Fragments
(34.51%)

Granule (3.73%)

500–1000 μm
(48.54%)

300–500 μm
(45.48%)

>1000 μm
(5.86%)

PS (58.44%)
PE (18.42%)
PP (18.80%)

Polyester
(2.40%)

[87]

Makassar City Tamangapa
landfill Dug well water

Fiber (72%)
Fragments

(28%)
<2 mm (86%) - [89]

Muara Angke
Wildlife Reserve Mangrove Sediment Foams

Fragments <1000 μm
PS (44.62%)
PP (29.23%)
PE (15.38%)

[90]

Surabaya River

Surface water,
Middle water
and Bottom

water

Film,
Fragments

Foam
Pellet
Fiber

LMP
SMP

LDPE
PP
PS
PE

PET

[88]

Banten Bay Bay Sediment

Foam (30.4%)
Fragments

(26.5%)
Granule (24.4%)

Fiber (18.7%)

500–1000 μm
(53%)

100–500 μm
(17%)

1000–5000 μm
(23%)

CP
PET
PP
PE

[86]

Majalaya Ciwalengke
River

Sediment Fiber (91%)
Fragments (9%) LMP > SMP -

[20]
Water

Fiber (65%)
Fragments

(35%)
SMP > LMP -

Surabaya
Jagir estuary
and nearby

Wonorejo Coast
Sediment

Fiber (57%)
Film (36%)

Fragment (7%)

LMP (68%)
SMP (32%)

Polyester
(56.7%)

LDPE (24.6%)
PP (18.8%)

[91]

Jakarta Bay Sediment
Fragments

Fiber
Film

-

PE
PP
PS
PA

[92]

Bali Benoa Bay Surface water

Fragments
(73.19%)

Foam (17.02%)
Fiber (6.38%)

Granule (3.40%)

500–1000 μm
(37.9%)

>1000 μm
(35.7%)

300–500 μm
(22.1%)

PP (17.6%)
PE (17.6%)
PS (17.6%)

Others (38.3%)

[93]
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In another analysis, Surabaya town, related to an estuarine named the Jagir estuary
and the Wonorejo coast, sediment sampling showed that fibers are the majority form of mi-
croplastic pollution, followed by films (Firdaus et al., 2020). According to Firdaus et al. [91],
it was deduced that the presence of fibers may be due to expanding laundry industries,
in which above 50% of industries lacked proper water effluent purification facilities. This
predominance of fiber is in line with another study of the Ciwalengke River [20], where
both water, as well as sediment, contain significant amounts of fiber micro debris, followed
by fragments. In addition, large microplastics were majority extracted in the sediment spec-
imens compared to smaller-sized micro debris and vice versa, as discovered in the water
test. The Ciwalengke water stream is bordered by areas where people work in the fabric
industry and impoverished families that reside in the slums with improper waste disposal
facilities, which may have led to microplastic accumulation [20]. The presence of similarly
shaped microplastics was also discovered in dug well liquids at the Tamangapa landfill,
with a significant predominance of particles dimensions below 2 mm, which was more than
80% [89]. Makassar is a highly populated town where the waste from the town is discarded
at the Tamangapa landfill [89], and it is possible that the liquids from landfills have seeped
into the groundwater, eventually into dug wells, leading to microplastic contamination.
While public activities close to the dug well could have contributed to the contamination
as well.

The dominance of foam-shaped microparticles in the sediment at Bantan Bay [86] was
in contrast to research conducted at Jakarta Bay, where fragments were extracted mostly
from the sediments [92], as well as in the Benoa Bay water analysis, with a percentage
of 73.19% of fragmented microplastics [92]. Bantan Bay is known to obtain water via
waterways and rivers that might have possibly accepted a significant inflow of household
waste, particularly Styrofoam, causing an abundance of foam in the area [86]. Benoa Bay is
utilized by people that reside close to this area for aquaculture activities and crab and fish
production, leading to the existence of PP, PE, and PS as the major plastic polymers [93].
Indeed, similar kinds of polymers were discovered in Jakarta Bay sediment specimens [92],
mangrove sludge specimens that accounted for a cumulative percentage of more than
80% [90] as well as water specimens from three different sampling spots at northern
Surabaya that accounted to a cumulative percentage of 96% [87]. In addition, LDPE was
discovered at the Jagir estuarine as the second-highest pollutant, followed by polyester, the
leading plastic polymer [91]. LDPE was discovered in different depth zones of Surabaya
River stream analysis, in which the author deduced that the presence of LDPE in the lower
depths of water may be due to the formation of biofilms over time through biofouling that
may vertically disseminate microplastics to lower depths of the river [91].

In Indonesia, there are roughly 925 polymer factories that have the capacity to man-
ufacture 4.68 million t of plastic items per year. As of the past 5 years, there has been an
increment of 5% in overall yearly manufacturing [91]. According to Jambeck et al. [71],
statistical data were obtained that showed, solely in the sea environment, 4.8 to 12.7 MMT
of polymer waste dumped into the sea each year, leading to Indonesia becoming the
second-largest contributor of plastic waste in oceans, raising concern among the federal
and provincial government of the country. Mangrove forests could become a hub for the
buildup of micro debris, which was verified with the large abundance of small plastic
particles in non-moist sediment specimens taken from the Muara Angke Wildlife spot,
which totalled 28.09 ± 10.28 microplastics per kg. The downstream of a river stream in
Muara Angke regularly collects enormous amounts of municipal waste, notably plastic
waste [94], whereas the upper section of the river stream is a large city known as Jakarta
with remote areas, causing solid waste disposal to become a huge burden [90].

According to Syakti et al. [95], the country is a rising nation with an increasing
populace; however, solid waste handling is inadequate, causing it to become a major issue.
Based on statistical data from 2020, the predicted quantity of the yearly utilization of plastic
drinking containers totaled 971, 000 metric t [96], wherein residential households produce
the majority of solid waste disposal, 39.8%. Surabaya city improperly manages solid waste
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disposal, with roughly 37.1% of the waste being mismanaged out of an overall amount of
1562.2 t [91]. Moreover, a statement suggested that solid waste production may grow to 76%
by the year 2025, with more than 13% of the waste comprising polymers, which may result
in worsening microplastic contamination in the coastal areas of the country via rivers [91].
This statement has become partially true, as in one study based on the Surabaya water
stream, microplastic contamination was high, with an average of 22.29 particles/m3 [88].
The channels to the river stream that drain waters may serve as a conduit for microparticle
contamination in the Surabaya River via households and commercial inputs [97].

In addition to that, other environments, such as northern coastal areas as well as
the Jagir estuarine polluted with microplastics, accounted to a mean of 0.49 items per
liter of water and a range of 92 to 590 microplastics per kg of sludge, respectively [87,91].
The abundance at the estuarine is related to improper solid waste management due to
inadequate systems and facilities. Furthermore, public participation in reducing solid waste
is minimal, causing concern. The residents living in the Tenggilis Mejoyo region stated that
63% of people do not minimize or isolate household solid waste at the source [98]. As a
result, significant amounts of solid waste are discarded into river streams, leading to the
estuarine at Jagir that runs through heavily populated urban areas becoming a dumping
site, according to World Bank Group [99], and solid waste facilities are only partially
available [91]. Further, one of the spots, Banten Bay, was also contaminated with micro
debris, which accounted for a maximum amount of 431 pieces per kg of dry sediment.
Bays are other prominent sites where a significant quantity of household waste might enter
the area via river streams and nearby ports [88]. Importantly, slum zones are defined as
dwellings without fixed rooftops, limited personal restrooms, and inadequate drains.

Another river known as Ciwalengke has numerous sorts of small-sized plastic particles
that amount to a concentration of 5.85 ± 3.28 items/liter and 3.03 ± 1.59 items per 100 g of
both river liquid and sediment specimens, respectively. From this, it can be deduced that
the close proximity of the slums, characterized by inadequate sanitary infrastructure, waste
disposal, and open washing, to the nearby river stream, could have caused the pollution to
occur [20]. Moreover, the raw water supply and purified water were contaminated with
microplastics that amounted to 26.8 to 35 and 8.5 to 12.3 items per liter of liquid, respectively,
in Surabaya [100]. Surabaya is known to provide water for consumption by purifying the
raw water obtained from the town’s river, supplying roughly 92.5% of the people living
in the town. Films were retrieved from the purified water, although films were absent in
the raw water specimens [100]. In addition, the microplastic contamination in the country
currently seems to have higher links to the COVID-19 pandemic due to the large production
and utilization of PPE. Based on a recent study conducted in Jakarta Bay, water specimens
from the upstream of rivers that enter Jakarta contain microplastics, with a mean value of
9.02 ± 4.68 item/m3, comprising a significant number of fiber-dimensioned particles [85].
This was deduced after a clear indication of where the secondary microplastics originated
from by a separate source that showed a rise in percentage from 3.33% to 30% between
the months of March and December 2020 [85]. The assumption that PPE, specifically face
covers, could have contributed to the fiber microplastics was in line with research that
showed waste from face covers made up 9.83% of small particles in most of the rivers of
Jakarta in the month of March 2020 [85].

In order to further explain the conditions of microplastic contamination in Indonesia,
a study revealed that micro debris was detected in specimens of human excrement as well
as everyday goods retrieved from an agricultural population of an upland village. Micro
debris amounted to between 6.94 and 16.55 μg/g and was discovered in human excre-
ment, with a predominance of polypropylene (PP)-shaped microparticles that accounted
to 10.19 μg/g [101]. Microparticle pollution was absent in both daily water consumption
and the main meals of the individuals chosen for the study [101]. The water used for daily
consumption was known to be obtained via natural springs that did not contain micro
debris pollution [101]. However, a traditional food known as tempeh was filled with micro
debris, containing 11.08 μg/g, presumably caused by the wrappers [101]. Moreover, high

437



Sustainability 2023, 15, 6813

levels of microparticles were discovered in toothpaste as well as the salt utilized for cooking
by the populace, with mean concentrations of 2.06 μg/g of PP, which was predominantly
detected in the human excrement samples [101].

2.6. Vietnam

In Vietnam, the characterization of microplastics was carried out based on environ-
ments such as beaches, ponds, roads, and rivers. One of Vietnam’s largest and most
important coastal towns is Da Nang. Based on a beach sediment study at this location,
about 745 microplastics in the beach sediment were found, with fiber-shaped particles being
detected as dominant, with a percentage of 99.2%, with the remainder being fragment-type
pollutants. Both shapes were primarily found to have sizes between 300 and 2100 μm [102].
Such microplastic pollution may have originated from industrial effluent discharge com-
prised mainly of that from the clothing and fabric sectors [42]. The presence of fiber and
fragment shapes was similar to that of another study conducted in the Tien Giang region,
a beach where these two shapes totaled a cumulative percentage of 88.6%, dominantly
composed of PE and PP, which amounted to percentages of 44% and 47%, respectively [103].

However, contrasting findings were obtained from the beaches of Vung Tau and Can
Gio, where granules and pellets, respectively, were abundant [103,104], however, these were
totally absent on Da Nang beach. The granule-shaped microplastic, primarily composed of
PS polymer [103], were caused by Styrofoam and divers, as commonly, pool accessories,
including pull buoys and kickboard containing Styrofoam release pieces during utilization.
Polymer PE and PS accounted for a cumulative percentage of 78% in Vung Tau [103],
whereas in Can Gio, sediment specimen. Meanwhile, an additional polymer of PP can
be observed at a percentage of 32% [104], with the remaining 68% comprising PE and
PS. Several rivers tend to transport internal waste and debris from mangrove swamps
that converge near Can Gio, wherein the area is affected by ocean tides [104]. In terms of
size, Can Gio beach specimens have larger microplastics of 2.8 to 5 mm, which amounted
to 71.46% [104] compared to the beaches in Vung Tau and the Tien Giang region, where
42% were much smaller particles of 0.5 to 1 mm [103]. They are relatively reduced in size
compared to the Da Nang sediment specimens, as shown in Table 4. This may be caused
by the collection of samples during different seasons for the three research studies, as
commonly, microplastics further degrade into smaller pieces during summer seasons and
when exposed to high tides.

Table 4. Characterization of microplastic at certain environment in Vietnam.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Da Nang Beach Sediment
Fiber (99.2%)

Fragment
(0.8%)

300 to 2100 μm
(76.1%) - [102]

Northern Vietnam
Red River Delta

and Tien Yen
Bay

Mangrove
sediment Fiber 0.3–5 mm PE, PP, PS, PET,

PA [105]

Tien Giang (TG)
Region and Vung

Tau (VT) Town
Beach Sediment

TG: Fragments
and Fibers

(88.6%)
VT: Granules

(72%)

0.5–1 mm
(42.1%)

1–2.8 mm
(30.0%)

2.8–5 mm
(27.9%)

TG: PE (44%)
PP (47%)

VT: PS (40%)
PE (38%)

[103]

Ho Chi Minh town Saigon river Surface water Fiber
Fragment 50–250 μm

Polyester
PE
PP
PS

[106]
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Table 4. Cont.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Hanoi City
Aquaculture
pond 1 and

pond 2
Sediment

Pond 1: Fiber
(62%),

Fragment (38%)
Pond 2: Fiber

(81%)
Fragment (19%)

- PE (40%)
PP (50%) [107]

Da Nang Road dust -

100 μm–5 mm
(4.1 ± 3.5

pieces/g dry
weight)

PE, PP, PS, PET [108]

Da Nang Phu Loc
drainage canal

Surface water
Fiber (77.2%)

Fragment
(21.1%)

Fiber (1335.6
μm in average)

Fragment
(163,285 μm2

in average) PE (24.4%)
PET (22.0%)
PP (22.0%)

[109]

Sediment
Fiber (86.1%)
Fragments

(12.4%)

Fiber (840.1 μm
in average)
Fragment

(74,225 μm2

in average)

Ho Chi Minh town Can Gio Beach Beach sediment
Pellets (41.31%)

Fragment
(38.5%)

0.5–1 mm
1–2.8 mm
2.8–5 mm

PP (32%)
PE (25.69%)
PS (42.31%)

[104]

Based on the latest analysis, a drainage canal in Da Nang was polluted with microplas-
tics, primarily with fibers and fragments [109], which amounted to a cumulative percentage
of 98.3% in a top water sample of the canal and 98.5% in a sediment specimen. Phu Loc
canal is known to be crucial in the transport of sewage out of congested housing zones,
passing into Da Nang Bay [109]. A cumulative percentage of 68.4% was ascribed to PE,
PET, and PP polymers from both types of specimen sampling. This presence implied that
smaller streams, including Phu Loc, tend to accumulate a greater quantity of microplastics
than bigger streams, particularly in situations where the river serves as a drainage conduit
in heavily populated urban districts [109]. A similar presence of the polymer types in the
Phu Loc canal was observed from street dust obtained from the Da Nang metropolis, with
sizes that varied between 100 μm and 5 mm [108]. This implied that the reduced size might
be due to the disintegration of microplastics on the street over a lengthy period as the
streets are incompletely paved [108]. Moreover, based on the river stream, approximately
10% of the urban sewage generated is managed using activated sludge; hence the majority
of the town’s effluents are dumped straight into streams of the Saigon River as well as its
waterways [106].

Generally, microplastics were detected throughout the surface water of the Saigon
River, primarily fibers, followed by fragments, where the fibers mostly comprised synthetic
forms of fiber, with a percentage of 92% [106]. This is in line with a study conducted on
the Red River Delta and Tien Yen Bay, where fibers were dominant in mangrove sediment,
accounting for a maximum cumulative of 4253 particles per kg [105]. Microplastics of a size
range between 0.3 and 5 mm were spotted, and this may be due to plastic degradation as
well as the minimal dynamic conditions within the mangrove swamps [3,105]. Additionally,
an aquaculture pond located in Hanoi showed a significant abundance of microplastics,
comprised of recurrent fiber-shaped particles that accounted for a cumulative percentage of
143% based on two different sampling ponds and fragments accounted for 57%. According
to Le et al. [107], the production and grade of fishery products may be impacted by the
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liquid and sediment conditions of an aquaculture lake. The sediment analysis of this lake
showed the predominance of PE and PP, accounting for 90% of the total microplastics
extracted. Both lakes may be contaminated due to the polluted Nhue streams that enter the
lake as well as the human activities surrounding the lake [107].

In Vietnam, roughly over 3000 islets of different sizes have been discovered around the
country, providing many opportunities for growth related to marine industries, including
aquaculture, tourism, and maritime transportation [110]. Approximately 8 million tons of
polymer waste are dumped in the marine area annually, causing the country to be ranked
as having the highest global polymer waste dumping rate [111]. A substantial volume of
plastic waste is generated per day, mainly consisting of plastic wrappers that are difficult
to decay. The plastic waste is mainly produced by over 2000 polymer factories, of which
450 produce wrapper materials [112]. The country has experienced substantial growth in
plastic production; as in 1990, the utilization of plastic was 3.8 kg per individual, drastically
surging to 41.3 kg per individual in 2018. That information is congruent with the fact that
residential solid waste comprising plastic escalated to 13.9% in 2017 compared to 2019,
with a percentage of 5.5% [113,114]. According to the government, based on the year 2019,
statistics showed more than 2 million tons of polymer waste produced in Vietnam, of
which a significant percentage was found to be circulating in streams, ponds, estuaries,
and wetlands.

Moreover, based on a study, it was revealed that each home in the country utilizes
roughly a mean value of 10 polymer bags per day and a monthly base consumption of
1 kg [114]. According to Lahens et al. [106], the frequency of micro debris differed between
10 and 223 microplastic/m3, as sampled from various sites of Saigon streams [106]. This
means that approximately over 200,000 tons of plastic waste are released yearly via Ho
Chi Minch City, where roughly 40,000 tons are interred, and the remaining amount is
recovered or released into the ecosystem [111]. The author also claimed that the plastic
recovery equipment utilized in the country’s largest towns is both inefficient and unsafe for
recycling [111]. In addition to the statistical reports, the conditions caused by microplastic
contamination are further explained with the detection in salts and wastewater purification
facilities. Vietnam’s salt production is based on the protracted drying of moisture and salt
precipitation retrieved via saltwater due to the unavailability of salt mines [115]. Foods
containing salt consumed by Vietnam individuals are increasing, reaching approximately
10 g per day, as salt is a primary ingredient in a majority of the country’s spices [116].

The utilization of processed salt for everyday dishes has become increasingly preva-
lent, whereas unbranded finer salts are manually made at home or by local industries [115].
Unbranded salt packets from Can Gio have the lowest number of microparticles com-
pared to the suburban regions, which were much larger, amounting to 56.98 ± 23.81 and
402.52 ± 168.43 microplastics per kg, respectively, in which both locations have an abun-
dance of PET-type polymers [115]. The author deduced that the presence of this type of
polymer might be due to the settling and staying of PET on salt throughout crystallization,
as the polymer has a greater density [115]. Moreover, processed salts contain roughly
140 microplastics, which may be due to crushing as well as refining [115]. In another study,
market salt packets showed an average amount of 340 ± 26 particles per kg, whereas pure
salt contained an average of 878 ± 101 particles per kg [117]. According to the WHO,
the individuals in the country ingest two times more salt than suggested, 10 g per day,
meaning that this double salt intake rate can cause individuals in Vietnam to consume 637
to 1270 particles annually [117,118].

Furthermore, micro debris pollution from atmospheric fallout is another situation
occurring at the Phuoc Hiep depot. In this analysis, micro debris was observed that
amounted to 1791 particles comprised of fibrous and fragmented shapes [119]. Based on
the concentration value, the amount was higher by a factor of two during the summer
season, accounting for 1801.2 particles/m2 per day, compared to the wet season, accounting
for 912.5 particles/m2 per day [119]. It was deduced that the reduced amount in the wet
seasons could possibly be caused by rain, which provides a limiting effect on the number of
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air contaminants [119]. In addition, in terms of the extent of microplastic contamination, the
beach spots of Da Nang showed roughly 745 particles in the sediment [102]. According to
the Nguyen et al., [102], more than 30570 dwellings and visitor lodgings located around Da
Nang’s 16 shore districts are partly linked to the town’s sewage network, where domestic
effluents of purified and non-purified liquids are released straight to seashores [102]. The
overflowing of effluents at coastlines frequently occurs, particularly during the monsoon
period, and the peak number of travelers could possibly further lead to the accumulation
of microplastics around the beach. The above-mentioned observation unfolding on Da
Nang beach was in line with another study related to shore sediment in two different
areas, the Tien Giang region and Vung Tau, which showed mean concentration values
that varied between 2.5 and a maximum of 44.6 particles per kg of non-moisture beach
sand [103]. Moreover, the Da Nang study related to road dust and a drain canal of Phu Loc
also revealed serious contamination of microplastics in a range of 1.78 to a maximum of
9.65 g dry road dust/m2 [108] and to a mean of 1482.0 ± 1060.4 particles/m3 on the top of
the water as well as a greater abundance of 6120 ± 2145.7 particles per kg in the canal [109].

2.7. Iran

The socioeconomic shifts have caused an increased utilization of plastics and polluted
important coastal and marine environments with microplastics. One such place is Chabahar
bay, a well-known tourist attraction of great commercial significance [39]. A microplastic
characterization study was conducted based on surface water and sediment samples
collected from this bay. In the sediment specimen analysis, microplastic fragments, pellets,
and fibers were identified that accounted for a cumulative percentage of 85.85% in the top
water sample. In fact, fibers were predominant, followed by fragments and films, which
amounted to a cumulative percentage of 89.44%. The fibers may have been prevalent due
to the presence of grill nettings in wastewater that comes from households and recreational
areas [120]. In Qatar, about 1.5% of fragments out of overall microplastics were discovered
on the surface water; however, in Chabahar bay, the percentage of fragments was higher,
about 42.54%, implying that microplastics in Chabahar have eroded over time [39].

Microplastics with a size of less than 1 mm were predominant and primarily contained
PE and PET plastic polymers, comprising 67% of the total microplastics extracted from
both sediment and water specimens. This was suggested to be due to the fact that the
sample collection spots were near populated, industrial, and tourism areas [39]. The
abundance of microplastics less than 1 mm in size was in line with another study conducted
in the Caspian Sea, where 66% of the coastal sediment specimens were microplastics
smaller than 1 mm [121], as shown in Table 5. This sea is known to be a significant
maritime ecosystem that is susceptible to a variety of commercial, shipping, and oil spill
contamination events [121]. The analysis showed high amounts of fibers, followed by
fragments [121], which accounted for 98% of the total number of microplastics. The
shapes discovered in the Caspian Sea coast are in line with studies conducted on the Aras
River, where fibers were dominant in both water and sediment specimens, amounting to
52.6% and 54.4%, respectively, followed by fragments [122]. Estuarine sediment from the
Qarasu estuary amounted to 98% fibers, followed by fragments [123], and in the Hashilan
wetland, primarily fibers, in both the top water and sediment, were found in the specimen
analysis [124], as shown in Table 5.
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Table 5. Characteristics of microplastic in Iran at various environments.

Location Environment
Type of
Sample

Dominant
Shape

Size
Dominant
Polymers

Reference

Oman Sea Chabahar Bay

Sediment

Fragments
(32.22%)

Pellet (27.37%)
Fiber (26.26%)

<1 mm (61.32%)

PE (38%)
PET (29%) [39]

Surface water

Fiber (42.54%)
Fragment
(28.66%)

Film (18.24%)

<1 mm (42.35%)

Mazandaran
Province

Caspian Sea
coast Coast Sediment

Fragment
(43.30%)

Fiber (54.75%)

250–500 μm (43%)
500–1000 μm

(23%)

PS
PE [121]

Hormozgan
Province

Bandar Abbas
beach Sediment

Foam (64.01%)
Fragment
(30.96%)

LMP (67%)
SMP (33%)

EPS, PE, PET,
PP [125]

Northwest Iran
Aras River

and Reservoir

Sediment

Fiber (54.4%)
Fragment

Film
Foam 0.1–5 mm

3–4 mm
1–2 mm

PE (37%)
PS (30%)

Cellophane
(24.4%)

[122]

Surface water

Fiber (52.6%)
Fragment

Film
Foam

Gorgan Bay Qarasu estuary Estuarine
sediment

Fiber (72%)
Fragment (26%)

1–2 mm (33%)
0.5–1mm (41%)

PP (33%)
PE (24%)
PA (21%)

[123]

Kermanshah
Province

Hashilan
Wetland

Sediment

Fiber (95.77%)

<100 μm (38.03%)
100–250 μm

(29.58%) PP, PS, PE [124]

Water <100 μm (33.33%)
100–250 μm (25%)

It has been suggested that the main causes of the significant concentration of fiber-
shaped microplastic in the examined Caspian Sea coast specimens were probably residential
sewage intake through waterways and intensive fishing practices [121]. In the Aras River
and reservoir, the larger plastics tend to erode more, showing higher amounts of disinte-
grated microplastics, leading to fiber abundance [122]. Moreover, the Aras River is also one
of the primary contributors of fiber and fragments to the ocean environments of the Caspian
Sea due to the Aras River flowing into this sea. For the Qarasu estuary, the abundance of
fibers in the Qarasu stream estuarine and, consequently, the Gorgan Bay, may be the result
of residential sewage entering the streams, contributing to the microparticles present in the
Caspian Sea because the Qarasu River is connected via a similar estuarine and flows into
the sea [123]. Wetland ecotones are known to be important components of ecosystems that
support the rapid transfer of gases, sediments, groundwater, and adjoining soils [124]. In
the Hashilan Wetland, the prevalence of microfiber pieces is presumably transported into
the research area by the air due to the low density of the environment [126].

In terms of sizes, most of the studies, as shown in Table 5, revealed microplastic sizes
of less than 1 mm; however, in the beach sediment of Bandar Abbas, the number of large
microparticles was much higher than the number of small microparticles [125]. This study
demonstrated a contrasting microplastic shape, predominantly foams, with a percentage of
64.01%, followed by fragments [125]. The province of Hormozgan is a focal point of key
industries in the town. The metropolis is established both regionally and globally due to
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its huge docks, including Rajaee as well as Bahonar, along with important sectors, notably
shipyards, petrochemical factories, aluminum production, and electricity plants. The type
of polymer found in this Bandar Abbas beach was primarily expandable polystyrene
(EPS), leading to presence of foam-shaped microplastics. They originate from fragile
shipment items, protective food packages, hot beverage drinking cups, and feeders for
costly materials and machines [125]. However, this is in contrast to the Caspian Sea, which
has an abundance of PS and PE [122], the Aras River with PE and PS, which accounted for
67% [122]. While in the Hashilan Wetland, PS, PE, and PP [126], and the Qarasu estuary,
has a cumulative of 78% of PE, PP and PA [123].

Sewage originating from ships, lighthouses, and water-balancing equipment is a sub-
stantial cause of maritime ecosystem contamination, leading to microplastics in Chabahar
Bay [39]. The Caspian Sea exhibited about 1830 microparticles, with a mean of 107.6 pieces
per kg of sediment from the coast due to moist weather patterns and the shoreline at-
tributes of the Caspian beach attracting intense increased tourist visitation [121]. Ac-
cording to UNEP [127], areas near towns with larger populations and tourists tend to
have increased marine debris surrounding Iranian shores [127]. Moreover, in another
study on the coast of Bandar Abbas, roughly 195,000 microparticles provided a mean of
3252 ± 2766 particles/m2 [125]. In addition, the Qarasu estuary and Aras River, connected
to the Caspian Sea, had an average of 217.8 ± 132.6 microplastics/kg in the sediment and
12.8 ± 10.5 microplastics/m3 in the top waters collected from the Aras River, whereas the
Qarasu estuarine had 182 ± 111 microplastics/kg in the sediment [122,123].

The Aras stream is known as the primary supply of irrigation for many industrial
facilities as well as farming regions, passing through various metropolises before reaching
the Caspian Sea [122]. The microplastics in this stream could have been contributed from
urban tributaries that access the stream, carrying a significant quantity of microplastics
toward the Aras stream [122]. According to Li et al. [128], micro debris contamination
tends to adopt a comparable trend similar to clay deposits, which are lightweight and
transferred throughout aquatic waters from greater energy habitats with larger current rates
to lesser energy conditions. Hence, this could have led to a greater number of microparticles
in Qarasu estuarine sediment with its increased clay content [123]. In another study, a
mangrove jungle close to the Bidkhoun urban region showed significant microparticle
pollution, amounting to a mean of 416 particles/m2, which was considered to be due to
inadequately processed sewage water as well as nearby urban developments [129].

To further explain the current conditions of microplastics in Iran, in a recent study,
microplastics were discovered in the atmosphere at Ahvaz town, with levels varying
between 0.002 and 0.017 microplastics/m3 and primarily fiber-shaped [124]. A slightly
higher concentration of micro debris was located in Asaluyeh County, varying between 0.3
and 1.1 microplastics/m3, which was predominantly composed of fibers [130]. The Ahvaz
site is close to housing and commercial sectors, which indicates that the local origins of
the fiber particles are significant due to fewer signs of degradation [131]. Fiber-shaped
microscopic atmospheric particles have the ability to travel large distances and directly
contaminate crop soils as well as water sources when the particles are rinsed off by rain
or other factors. According to the US EPA estimation, with a mean of 100 milligrams per
day of atmospheric particle absorption for adults and 200 milligrams a day for adolescents,
roughly a maximum of 50 and 100 microplastics per day may be taken in from atmospheric
dust by adults and adolescents, respectively [130].

Furthermore, 3459 pieces of micro debris were discovered in wastewater runoff in Iran
with a mean value of 70.66 ± 14.12 microplastics per liter of liquid, which revealed fibers as
the dominant particle shape [132]. The intended and unintended release of household poly-
mer waste that enters the Gulf waterways are projected to rise due to the growing volume of
humans brought about by industrialization and huge constructions. Bandar Abbas sewage
management facility’s effluent discharges have an estimated volume of 2040 particles/m3,
in which presumably about 120 million microplastics are released throughout the Persian
Gulf on daily basis [132]. A dense solid substance called wastewater sludge is generated
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during the purification of sewage [133], wherein the sludge contains large amounts of
nutrients that are utilized in woodlands as well as for agricultural purposes as soil manure
or enhancer [134]. Micro debris was located in the sludge of the Sari purification plant that
varied between 129 ± 17 and a maximum of 238 ± 31 particles per gram of non-moisture
sludge [134].

Most of micro debris is removed in water treatment facilities and captured in sludges
for application on crop soils and woodlands, which may result in the potential accessi-
bility of microplastics to rivers, lakes, and marine ecosystems via rain wash-off, wind, or
irrigation. The purposeful intake of organic geosolids, such as soil, slit, ground stones,
and ant pile earth, is known as geophagy [135]. Several modern indigenous people are
still engaged in geophagy at times for nutritional or cleansing reasons. Human geophagy
may have developed covertly as a result of the utilization of soils in cooking, such as red
ochre sediment, which has been applied for ages to enhance meals, acting as a spice in
Iran [135]. Soil is combined with salt that is either used in the preparation of seafood or
in suspension in freshwater to produce loaves or food dressings [135]. This has become
a concerning matter, as based on a current study, a mean value of 0.05 microplastics per
gram has been detected in the soil obtained from Hormoz island, with an abundance of
fiber-shaped particles [135].

The abundance was suspected to be due to the accumulation of locals or visitors that
wore garments made from fabrics or linens, air precipitation during the mid of collecting
and wrapping [135]. The yearly intake of micro debris is estimated to be roughly 200
with a daily highest presumptive use of salt by one standard individual of about 5 g or
equivalent to per day absorption of spices obtained from the soil at Hormoz islet [135].
The presence of microplastics in marine environment can be related to the occurrence of
dust storms in Iran that happened in 2018. Dust storms entail a huge variety of effects
on ecosystems, meteorology, and the climate; for instance, excessive dust volumes may
influence atmospheric warmth, cloud creation, and convectional movements and have been
suggested to transport iron and various minerals toward marine environments [135,136].
With a presumed content of microparticles inside soils that serving as the origin, dusts
that are approximately 0.02 particles per gram may contain roughly 2 trillion microplastics
suspended by storms, dropping about 1.5 trillion microparticles locally as well as 150 billion
pieces of micro debris across the marine environment [135,137].

Around 40 trillion microplastics may be transferred and mobilized into the atmosphere
each year as a result of dust cyclones [137], in which dust cyclones may act as substantial
intermediates for micro debris dispersion throughout marine and terrestrial ecosystems.
Flakes of snow are big, low in density, and move at slower terminal speeds compared to
rain, causing the flakes to absorb small atmospheric particles and settle on the ground [138].
In Northern Iran, where snowfall occurs, microplastics were obtained and studied that
showed the presence of micro debris, which amounted to a total of 348 microplastics,
which were primarily in the form of fiber, with a percentage of more than 90% [138]. An
implication is that this could have occurred due to airborne microparticles that fell to the
ground during the rainfall season, settling deep into the snow; additionally, travelers, as
well as mountaineers, might directly contribute substantially to the amount of small plastic
particle pollution.

Another major issue when the snow melts is related to the fact that micro debris
contaminants are conveyed toward water bodies through runoff from impermeable areas,
soil, aquifers, as well as various vegetated surfaces [139]. Moreover, dust in the classrooms
of schools and indoor buildings was recently found to be contaminated with microplastics.
Epidermal skin, pet fur, plant residue, food remnants, microbes, fabrics, ashes, building
debris, acrylic flakes, soil particles, and sprays are among the diverse as well as heteroge-
neous components that make up indoor dust [140,141]. A few samples taken from Shiraz
secondary school classrooms showed the presence of 188566 microplastics in the dust of a
classroom floor, with a high proportion of fiber-form particles [142]. It has been suggested
that the presence of these microplastics may be due to access via windows, open classroom
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doors, and being transported under footwear or on garments from the outside environ-
ment [142]. The other relevance of this pathway is probably influenced by local geology,
the closeness of the school to roadway congestion and factories, and the level of interior
airflow inside the classrooms.

A teenager may be exposed to an estimated daily amount of 113 pieces of micro
debris, assuming that a teenager occupies 40% of their time in lesson rooms and ingests
40 milligrams of debris [142]. In annual terms, teenagers are vulnerable to roughly 40 thou-
sand microparticles in lesson rooms alone [142]. In various internal buildings, dust spec-
imens taken from the Bushehr area and Shiraz showed micro debris contamination that
amounted to 1212 and 1362 microparticles, respectively [143]. Some of the sample collection
locations were a children’s playschool and a mosque, from which it can be reasoned that it
could be due to being worn off from children’s toys as well as mosque ground rugs that
may accumulate dirt and fiber-shaped microplastics. Based on the authors, the utilization
of air conditioners and chiller devices throughout the year could result in elevated amounts
of micro debris in the dust of internal buildings, especially in summer towns, such as
Bushehr and the Shiraz metropolis [143].

2.8. Thailand

Based on the beach sediment analysis conducted in Rayong province in Thailand,
microplastics were detected, predominantly fragments, accounting for 50% of those present
in the sand [144], which was in contrast to the beach areas surrounding the Phuket coast,
where fiber was significantly the most accounted for, with a percentage of 85.6% [145].
However, the Rayong province water specimen study showed more fibers than fragments,
amounting to 80% of the total, and it was suggested that this was due to the fact that fishing
operations produce fiber particles through the use of nets that contain nylon fibers utilized
for catching fish [144]. Phuket Province, with one of the country’s biggest shorelines, is
tremendously popular for travelers, with an estimated 13 million people traveling there
each year [145]. The increased levels of visitors to the beaches of Phuket could be regarded
as a possible source of fiber abundance, as the fibers may have worn off from the garments
worn by travelers.

The prevalence of microparticles was noticeably larger at beach spots that serve as
docks or departing locations where intense shipping activities could result in greater
concentrations of microplastic waste, which amounted to 188.3 ± 34.48 particles per kg of
sediment specimen [145]. The polymer types found in Phuket were PET, PS, and PP, which
were larger in number. The presence of PET was due to the close vicinity of the site to a
boat yard and traveler visitation [145]. However, PET was not discovered at the Rayong
Province sampling spots, but PP and PS were similarly found with more abundance than
PE, accounting for more than 70%. This was suggested to be due to the fact that PE may
have arisen from the recent growth of the fishing and leisure industries [144]. Additionally,
fragment-shaped microplastics are highly found in river and estuary combined areas,
such as the Chao Phraya River and estuarine area, having an abundance of fragments
in water and sediment specimens [146]. The sampling points of the river and estuarine
combination of the internal Gulf of Thailand yielded the same shape of microparticles in
liquid specimens [147]. The decreased number of fibers at the CPRE was because of fewer
sewage purification facilities surrounding the area [147].

The internal bay of Thailand was one of a location that received an influx of Chao
Phraya River drainage, which was concluded due to the similarity of dominant microplastic
shapes in the water specimens of both locations. Both river estuary sediment as well as
water yielded the same dominant types of polymers, PE and PP, as shown in Table 6. The
larger amounts of these two polymers at CPRE was assumed to be due to the large discharge
into Thailand [148]. For the internal bay of Thailand, the abundance of microplastics was
different during the rain period and summer period. During the monsoon season, the
waterways carry micro debris into the marine environment from the ground due to the
rising freshwater flow, causing microplastic pollution [147]. Fragments amounted to being
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the most dominant form in the Bandon Bay water specimens, accounting for a maximum
of 77.1%, with more PP polymer [149]. However, in the previous year, water and sediment
specimens obtained from Tapi-Phumduang, which flows into Bandon Bay, predominantly
contained fibers with greater amounts of Rayon [150].

Some of the sampling points in Bandon Bay are considered fishing sites and places
for rearing aquatic animals, particularly clams and prawn farming spots [151], and these
practices have led to a significant amount of fishing gear being abandoned at the bay [149].
The prevalence of fragments from studies conducted by Ruangpanupan et al. [149] sug-
gested that weaved poly bags are frequently utilized, particularly at sampling points
where aquaculture was prominent for bundling manure, prawn feed, and shellfish field
border poles to prevent tidal detrition. In order to conceal the border poles, which are
about 100 in numbers, more than one sack is utilized per pole in which these weaved poly
bags disintegrate into micro debris when in contact with environmental elements, such
as breeze attrition and UV rays from the sun, that will eventually cause the accumulation
of microplastics in the vicinity [149]. Moreover, fibers were found in beach sediments
surrounding the shore of Phuket, the Bay of Thailand, and Bang Yai estuarine sediment
with a prevalence of films [3,145,152]. The majority of the microplastics found in various
environments in Table 6 were below 1 mm in size.

Table 6. Characteristics of microplastics at various environment in Thailand.

Location Environment Type of Sample Dominant Shape
Major
Size

Dominant
Polymers

Reference

Rayong Province Beach and
river estuary

Beach sand Fragment (50%)
Fiber (41%) 100–500 μm (58%)

PE (75%)
PP (12.0%)
PS (13%)

[144]

Surface water Fiber (80%)
Fragment (19%) 100–500 μm (46%)

PE (73%)
PP (17%)
PS (10%)

Coast of southern
Thailand

Tapi-Phumduang
River and

Bandon Bay

Surface water
and sediment

Fiber
Fragment <1 mm Rayon, PP, PE,

PET [150]

Gulf of Thailand Bandon Bay Surface water
Fragment
(66–77.1%)

Foam

0.5–1 mm
(22–23.4%)

<2 mm (61.13%)

PP (57%)
PE (30%) [149]

Pak Nam,
Samut Prakan

Chao Phraya River
Estuary (CPRE)

Surface water
Fragments

Fiber
Films

- PP
PE

[146]

Sediment Fragments 0.05–0.3 mm
PE (50%)
PP (21%)
PS (7%)

Phuket Province Bang Yai canal Estuarine
sediment

Fiber (80%)
Films 0.1–5 mm

Polyester
PP
PE

PET

[152]

Gulf of Thailand Coast Sediment Fiber
0.1–0.5 mm
0.5–1 mm
Both 71%

Rayon
Polyester [3]

Inner Gulf
of Thailand

River estuaries and
coastal sea Water

Fragment
Film
Fiber

1000–5000 μm PP
PE [147]

Phuket Coastline Beaches surrounding
Phuket Coastline Sediment Fiber (85.6%)

Film (3.3%)

20–300 μm
(max 56.7%)

>300 μm (max 50%)

PET
PS
PP

PVC

[145]

The high volume of travelers touring Phuket province has induced an upsurge in
textile washing, possibly causing the Bang Yai estuarine specimens to be contaminated
with fibrous microparticles. Rayon microplastics were visibly present at two locations in

446



Sustainability 2023, 15, 6813

the country: the Bay of Thailand and the Tapi-Phumduang stream ([3,150]. However, con-
trasting findings were seen in different environments, which showed a higher abundance
of PE, PP, and PS polymer types, those which are commonly derived from food wrappers,
as shown in Table 6.

Thailand holds a significant position in the worldwide plastic sector, ranking as
the 11th largest plastic manufacturer globally and the second largest based in the Asian
region [153]. Based on studies and statistics from 2020, the issue of Thailand’s maritime has
been exacerbated, causing the country to be classified as the 6th largest worldwide emitter
of plastics into the sea [154]. Rayong province is a popular vacation spot, with a record
of drawing up to 7.7 million people in 2018. However, based on the current analysis, the
location contaminated with microplastics amounted to a mean of 338.89 ± 264.94 particles
per kg in sand specimens, and a much higher mean of 1781.48 ± 1598.36 microplastics/m3

in the top water of the sea [144]. Another study based on water and sediment obtained from
the Tapi-Phumduang river yielded micro debris with a maximum value of 2.81 particles per
liter of water [150]. The authors concluded that this river obtains water from Ratchaprapa
reservior and the reservoirs’ downstream watershed is surrounded by extensive palm
and rubber plantations [150]. The river water enters Bandon Bay, passing through towns
that could be a source of microplastics and tributaries, which may serve as microparticle-
holding networks [155]. Evidently, cockle picking entails bottom dredging, which may
revitalize sediments, leading them to move and enter the surrounding water and possibly
shifting formerly deposited microplastics inside the bay [150]. Further investigations shed
light on microplastic movement from the river channel into the bay, particularly during the
monsoon period, which was thought to account for the majority of the influx of particles
from land entering Bandon Bay. As studies have shown, the number of micro debris is
three times more during large tidal cycles [151]. The movement of microplastics from rivers
such as the Tapi-Phumduang stream into Bandon Bay has definitely caused an abundance
of microplastics in the bay; where in a recent study, the bay contains 7899 detected based
on water specimen analysis [149].

Currently, Bandon Bay is at risk of degradation due to the growth of commerce and
population, leading to excessive resource utilization as well as a significant volume of
waste being generated [156]. According to Ruangpanupan et al. [156], the surface tide
moving counterclockwise could transport microparticles from the north of the bay to the
midsection and move to the southern point. With the utilization of typical concentrations
of micro debris in liquid over a tide cycle, the load of small-sized plastics in the bay was
computed to be 22.4 billion particles on a daily basis during the monsoon period [149].
Moreover, estuarine areas were also contaminated, such as the Chao Phraya River Estuarine
(CPRE), which is a primary saline aquaculture spot, generating roughly 7105 tons of fish
per year. It showed an overall total of 2704 microplastics in the estuary’s water specimens
collected [3] and the estuarine sediment obtained at the Bang Yai channel, which flows
starting from Kathu falls, traveling through huge segments of Phuket metropolis and
ending at Thailand’s west side coast, yielding 463 microplastics [152].

At CPRE, some of the collection points were close to large freight ships, which fre-
quently navigate near the estuary’s midsection and where bow waves are produced, dis-
persing water across two banks [146]. The Bang Yai channel receives huge amounts of water
coming from both household and factory effluents, causing the canal to be a contributor
to the numerous microplastic contaminants present in the sea [157], and the canal inlet is
in close proximity to a sewage purification facility as well as landfill [152]. In addition to
that, the Bang Yai canal was found to have considerably greater amounts of microplastics
than the specimens obtained from the shore of the Gulf of Thailand that amounted to a
maximum of 362.5 particles per kg of sediment [3] In a recent study based on the inner gulf
of the country, the numbers amounted to only 21.29 ±36.21 items per liter of top water
specimens [147]. This gulf of the country’s environment is susceptible to human activities
close to this environment [158], from which a hypothesis can be made that runoff transports

447



Sustainability 2023, 15, 6813

a significant volume of sediment containing a large amount of plastic, primarily originating
from aquaculture practices.

In addition, a significant number of micro debris tends to be left behind as the sea
widens, reducing hydrodynamic pressure; hence, sediment within the confines of the sea
is more likely to collect and accumulate microplastics [3]. For instance, in the inner gulf,
top water movement could have caused the dispersion and lodging of particles [147]. The
quantity of secondary micro debris is predicted to have a maximum value of 79140.8 tons
annually, permeating into various ecosystems in Thailand [159]. To further explain the
condition of microplastics in Thailand, microplastic contamination has been discovered in
shrimp paste, amounting to between 6 and a maximum of 11.3 items per 10 g of paste [160].
One of the goods that the country’s fishermen pursue is shrimp paste, as various Thai
dishes depend heavily on this paste, particularly chili dips [160]. An implication is that
the micro debris could have arisen during the making of the paste with other ingredients,
such as salt, source of water, and krill that was already contaminated with particles [160].
Furthermore, wastewater purification facilities have accumulated microplastics between
77 ± 7.21 and 10.67 ± 3.51 items per liter of wastewater [161].

In the year 2020 alone, roughly 6300 tons of polymer waste were manufactured per
day in the country. The sizes of the micro debris in the sewage purification facility were
highly prevalent in the 0.05 to 0.5 mm range [161]. According to the authors, the percentage
of microparticles rose significantly in an aeration unit, up to 40.7%, in which the debris
becomes trapped in sludge and not entirely removed from the purification plant [161]. The
micro debris is then redispersed after the sludge has been recirculated and placed back into
the aeration unit [162]. The estimated leak of microplastics from purification plant effluent
day into nearby freshwater habitats is 1280 ± 421 million pieces per [161]. In the sludge,
roughly 26.3 ± 12.6 thousand microplastics per kg may be retained in the non-moisture
sludge [161], which is then applied to farming and could eventually adversely affect flora
as well as wildlife due to the presence of microparticles in the soil.

2.9. Philippines

Based on coastal environments, sediments obtained from the shores of Negros Oriental
yielded major amounts of fiber-shaped microplastics [162]. This was in line with specimens
obtained from the Cayagan de Oro shore, with a predominance of fibers followed by
fragments [163]. However, in terms of polymer types, rayon, PET, and PVC were discovered
at Negros Oriental, which is in extreme contrast to the Cagayan de Oro area, which showed
the predominance of LDPE, HDPE, and PP [162,163]. The fiber presence at the Cagayan de
Oro area shore situated at Macajalar Bay was explained to be due to the fact that household
sewage drainage released into streams probably transported the particles to the shore [163].
However, certain specimen collection spots in the seaport zone showed lower counts of
fibers and a greater number of fragment-shaped microplastics. It was concluded that
the transfer of fiber or any form of microplastic from the land to the ocean might have
been hampered by the constructed environment of the harbor and the constrained water
movements [43,163].

Based on river habitats, as shown in Table 7, fragments, films, and pellets were
commonly located in the top water and sediment specimens obtained from five different
rivers [164] and the Metro Manila stream [165] where both are situated in Manila Bay. High
counts of fragments consisted of PP-type polymer, whereas films were more prevalent
at stream entrances, which are encircled by large housing communities and where open
disposal and pervasive waste discarding are noticed [164]. Pellets were collected from the
Meycauayan stream top-level liquid where the potential cause is spillage from polymer
production sectors that are in close proximity to this stream [164,165]. A line that was
located in the sediments of Manila Bay [164] may be attributed to the number of angling
practices, aquaculture, and docks for kayaks, which are present near the sample collection
sites. Lines could also be present from straws, cords, and catchment netting from kayaks
that are stationed close to seafood shops around the stream’s entrance [164]. The types of
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polymers found in both research studies were PP and PE [164,165], and this was in line
with an analysis conducted at the Molawin watershed [166] and Cayagan de Oro shore
sediment analysis [43], as shown in Table 7.

Table 7. Characteristics of microplastic in various environments at Philippines.

Location Environment
Type of
Sample

Dominant
Shape

Major
Size

Dominant
Polymers

Reference

Negros Oriental Coastal of
Negros Oriental

Coastal
sediment Fiber <2000 μm

(majority 1000 μm)

Rayon
PET
PVC

[162]

Manila Bay

Canas River,
Meycauayan
River, Pasig
River and

Tullahan River

Surface water
and Sediment

SW: Films
Fragment

Pellets
S: Line

SW: 1–2.36 mm
S: 2.36–5 mm

PP
PE [164]

Manila Bay Baseco Port Bay Sediment

Fragment
(84.1%)

Fiber (4.1%)
Pellet (4.1%)
Film (3.1%)

1.6 ± 1.4 mm
(average) - [167]

Makiling Forest
Reserve, Los

Banos, Laguna

Molawin
Watershed Sediment Fragment

Fiber 100–200 μm PP
PE [166]

Macajalar Bay Cagayan de
Oro Coast

Coastal
sediment

Fiber
Fragment -

LDPE
HDPE

PP
PE

[163]

Manila Bay Metro Manila
River

Surface water
and sediment

Fragment
Film

Pellets
-

PP
PE
PS

[165]

Molawin creek yielded a predominance of fragments, followed by fiber, amounting to
71.33 pieces and 20 pieces per 100 g of non-moisture sand specimens, respectively, where
both were majorly discovered on the lower bank of the watershed [166]. Microplastics
that are larger than 2 mm were majorly found on the upper section of the bank, and a
decreased number of particles with sizes greater than 2 mm was discovered in the middle
section of the stream, followed by the lower section of the bank [166], which could be
due to temperature differences between the upper and lower sections of the bank, as
higher temperatures may lead to the faster disintegration of polymers. In addition to
that, similarly shaped microplastics were discovered at Baseco port, where the sediments
yielded fragments and fibers [167] that amounted to a cumulative percentage of 88.1%.
Smaller counts of pellets and films were also found in the environment of the study. Baseco
port is a harbor that is well-noted as a place where unofficial immigrants reside [168].
Overcrowding and the shortage of urban spaces have ultimately resulted in an unclean and
disorganized colony [169], becoming a major driver of the improper handling and dumping
of waste. Approximately 550 waste bags were gathered from the Baseco region during
a communal cleaning [170]. The port of Baseco showed more microparticle pollution in
rising water sediment specimens [167], which can be explained by the area’s proximity to
an overcrowded populated area.

3. Impacts to Environment

The impacts on the environment due to microplastic pollution in South Asian countries
are related to mainly three environments: the marine environment, terrestrial environment,
and atmospheric environment. In the marine environment, the main impact is the ingestion
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of microplastics by aquatic organisms due to the high number of microplastics in the sea as
well as the aquatic organisms misinterpreting the microplastics as food for consumption.
In the terrestrial environment, the impacts mainly relate to the sinking of microplastics into
soils that are mainly used for growing crops or agriculture purposes, causing changes to
the physicochemical properties of the soil. In terms of the atmospheric environment, the
direct impact of microplastics in the atmosphere is the settling of these particles onto the
human body, such as skin, hair follicles, and a few other receptors.

3.1. Bangladesh

The impacts on the environment due to microplastic pollution in Bangladesh are re-
lated to mainly two environments: the marine environment and the terrestrial environment.
Based on the marine environment, studies from researchers have shown microparticle
intake by sea fish as well as microparticle presence in dried fish in Bangladesh. Based on
a study conducted by Parvin, Jannat and Tareq [171], microparticles were detected in the
gastrointestinal (GI) tracts of commercial fish acquired from two fish selling spots known
as Ashulia and Savar situated in Dhaka town [171]. The occurrence in the fish samples is
related to the presence of high amounts of microplastics that have been discovered in Dhaka
lakes [31], and these fish selling spots sell fish obtained from streams, waterways, and lakes
around Dhaka, which are then delivered straight to regional shops [171]. Based on a few
studies, an analysis of fish samples purchased from the Kuakata fish selling market [172],
caught from Jamuna stream [70] as well as Hilsa Shad of an anadromous migrating breed
that are prevalent and numerous throughout the Bay of Bengal [173], showed the presence
of microparticles in the GI tracts of the species.

The fish species’ feeding spots, known as demersal, benthopelagic, and pelagic, have
an influence in terms of the number of microplastics taken in by the fish in the specified
zones. According to Pauly [174], fish species that reside and eat close to the bottom of the
sea’s column are called demersal fish species, whereas benthopelagic fish species are found
slightly beyond the bottom of the sea’s column, and pelagic fish eat near the wide surface
area of the sea’s column [171]. In most of the studies conducted based on commercial fish
samples in Bangladesh, the demersal eating area of fish tend to have a higher number of
microplastics present in the digestive tracts compared to the other two feeding spot fish
samples. In the research conducted by Parvin, Jannat and Tareq [171], compared to fish
species from benthopelagic and pelagic feeding areas, one of the demersal fish species known
as Mystus vittatus has a substantially greater frequency of small particles, amounting to
9 ± 1 micro-particles per fish [171]. This statement is in line with analysis carried out on
demersal-type fish from Jamuna stream, P. hammur [70] and Wallago attu obtained from
Kuakata [172], with an abundance of 3.8 and 3.5 ± 1.93 microplastics per species, respectively.

According to Siddique et al. [173], about 19.13 ± 10.77 microplastics per individual
Hilsa Shadfish were discovered due to misunderstanding microparticles as feed; further-
more, the particles may gather during the filtration of marine food, such as plankton [173].
Moreover, small particles have also been extracted from dried fish, with about 41.33 par-
ticles per gram in a Bombay duck species and 46 micro debris per gram in a ribbon fish
species [175]. Bangladesh’s financial economy has relied heavily on its dried fish industry
for many years. In Bangladesh, marine fish curing has indeed traditionally been performed
for a lengthy period of time, and it is predicted that approximately close to 50% of the
overall sea fish catchments are dried [175]. Micro debris could impair food flow or obstruct
swallowing organs, eventually covering the GI tract; as further evidenced by Parvin, Jannat
and Tareq. [171] upon the intake of micro debris by fish, the species tend to experience
tiredness and loss of appetite. However, these health effects stated are based on other
countries and research based on effects on fish health and physical changes to the body
after the intake of microplastics in Bangladesh is still a matter of study.

One of the impacts on the terrestrial environment in Bangladesh is the microplastic in
soils, wherein microplastics tend to reduce the effectivity of the soil used for agriculture.
According to Jung et al. [176] and Schroter et al. [177], soils serve as a medium for several
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functions, including carbon isolation and the biogeochemical cycle, as well as boosting
biodiversity [178]. Small particles may alter the physio-chemical characteristics of the soil,
which could exert a negative effect on biodiversity as well as a range of soil functions,
including the rate of organic waste decomposition in the soil. In a study conducted by
Afrin, Uddin and Rahman [178], microplastics were detected from soil specimens taken at
an urban landfill spot in Dhaka [178]. The moisture content of the soil is indeed a crucial
factor. The permeability properties of the soil may be affected in situations of excessive
moisture content in the soil, which may impact the soil’s shear strength [178]. In this
research, the soil specimens have percentages between 15.48% and 56.54%, much greater
than the ideal limit, as shown in Table 8, with an inference that it may cause changes to
metabolic functions as well as erosion [178].

Table 8. Standards for physicochemical compositions of soil.

Compositions Standard

Moisture content 10–45%

pH 7 ± 1

Electrical conductivity 200–1200 μS/cm

Alkalinity 6.5–7.5

Total organic carbon (TOC) <0.5%

Data obtained from Afrin, Uddin and Rahman [178]

In addition, the electrical conductance of the soil and soil alkalinity acts as key param-
eters of the environmental health of the soil. As per the research, the electric conductance
and alkalinity in the soil was 0.1 μS/cm to 2.43 μS/cm and 6.7 μS/cm to 14.33 μS/cm,
respectively [178]. Both values obtained were far from the optimum limits, where an
electrical conductance below 200 μS/cm and high alkalinity values imply low fertility in
the soil and fewer nutrients in the soil for intake by crops [178]. The total organic carbon in
the soil may affect several physical, as well as chemical, properties of the soil, including
the ability to store nutrients and the sturdiness of soil, prospective soil color, and nutrient
cycling. From the research soil sample, the total organic carbon was between 0.18% and
1.09%, a little more than the norm, as shown in Table 8 [178]. Huerta Lwanga et al. [179]
inferred that the presence of micro debris in soils might affect structural features, including
the raising of porosity, altering the solid form, and also equalizing with soil aggregates,
wherein these modifications may influence the microbial behavior of the soil [179].

3.2. India

In India, the impacts of microplastics on the environment are significantly related to the
marine environment in which the ingestion of microplastics by aquatic biotas, such as shrimp,
mussels, clams, and fish is largest and these are commonly consumed by the residents of India.
In a study conducted by Daniel, Ashraf and Thomas [84], “Fenneropenaeus indicus”, with the
local name of white shrimp, were obtained from Cochin, a heavily industrialized and crowded
town where fishing is a significant industry and the presence of small particles was found in
the supple tissue of shrimp [84]. The shrimp analysis showed a mean amount of about 0.39 ±
0.6 small particles per white shrimp, roughly a percentage of 30.9% [84], which is currently
still closely consistent with a study conducted in 2018 at a different location in India; for
instance, on the Northwest Coast, where about 31.7% of small particles were extracted from
the intestines of crustaceans [72]. White shrimp are known to reside and forage in muddy
depths, where microplastics commonly build up, thus causing the crustacean to be vulnerable
to small plastic debris [72].

These presences are highly concerning as crustaceans have a strong market demand
both locally and internationally due to being a desirable and nutritious seafood that con-
siderably supports the country’s seafood industry [84]. Oysters and fish on the coast of
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Tuticorin are also vulnerable to microplastics, wherein small plastic debris was detected
in an average amount ranging from 0.1 to 1.73 microplastics per gram of oyster tissue
specimens from the Tuticorin coast with significant amounts of fiber-shaped microplas-
tics [8]. While based on another study, the micro debris detected in the fish samples
amounted to a mean of 1.49 microplastics in the GI tracts per fish, predominantly fiber
and fragment small particles [75]. These findings are relatable, as based on a sediment
specimen analysis conducted in Tuticorin, microplastics with an average concentration of
83 ± 49 microdebris/m2 with a predominance of fiber micro debris [180] were discovered.
These sediments were collected from various points near the coast of Tuticorin, in which
it can be inferred that the microparticles from the sediment might have transferred to the
water of the coast induced by the action of the waves.

Tropical and subtropical areas are home to large populations of oysters that are known
to be benthic organisms that live in close proximity to the coast, deeps seas, estuaries, as
well as lagoons; additionally, oysters are filter-feeding species that exclude debris in water
in order to feed [8]. The consumption of microplastics by oysters is highly probable, as
according to Patterson et al. [8], food intake from the feeding method of oysters is through
a suction force produced by its protractile jaw to increase effectiveness when hunting
prey. In terms of the fish sample analysis, epipelagic fish that reside in deep waters have
greater particle numbers in their GI tracts compared to mesopelagic fish that reside closer
to the surface of coastal water [74]. Moreover, based on another alien fish sample study,
wherein the species was known to have entered the Vembanad pond in the course of huge
floods that hit Kerala in 2018, microplastics were extracted from the species with an overall
count of 69 pieces [72], which was in line with a sediment specimen inspection conducted
on Venbanad lake that was contaminated with microplastics accounting to 252.8 debris
pieces/m2 in mean [72].

Based on these findings, it can be deduced that the prevalence of small plastic debris in
the intestines of an alien species, which provides a clear indication of the level of pollution
in the pond water, might have ingested the plastic debris via land inputs as well as river
streams that drain liquids into Venbanad ponds. In another piece of research, seafood,
such as shrimp, squid, and crabs that are marketed as a source of food for humans, was
analyzed in Kerala to evaluate the abundance of microplastics ingested by the crustaceans
and squid. The crustaceans and squid showed a microplastic count with a mean value
of 0.07 ± 0.3 small particles per shellfish, whereas the consumable tissue specimens of
the shellfish had a mean of 0.0027 ± 0.012 microplastics per gram of tissue sample [181].
According to Daniel et al. [181], in crabs, the route for small plastic waste to enter their
body is via ventilation, whereas, for squids, cephalopods migrate vertically throughout the
daylight and nightfall, congregating toward deep sea depths during the day and rise to the
surface of the sea after nightfall, leading the cephalopods to ingest a greater abundance
of small particles as a result of exposure due to persistent movement through various
sea zones.

Daniel et al. [181] author inferred that the prevalence and nonexistence of microplastics
inside the consumable tissue of shrimp depend on the gut holding period and stomach
elimination mechanism, which act as major drivers, as a longer holding period in the stom-
ach may disintegrate plastic waste into microplastics that can move into the consumable
tissue of the shrimp. Fragments were the dominant shapes located in the consumable
tissue parts of the crustaceans and cephalopods [181], which is similar to a few studies
conducted on the beaches and coasts of India, as shown in Table 2. Again, fragments were
highly accounted for in the sediment specimens in which there are possibilities for the
transfer of fragments from sediment to the waters of the coast and beaches due to wind
and sea waves. Furthermore, in a recent analysis of yellow clams, mollusks that feed
through filtering pieces of organic materials as well as planktons floating in liquid and
that dwell continuously on a substrate by submerging to rough and thin sand bottoms, it
was found that they were contaminated with microplastics, with 19,826 extracted pieces
and an average of 138.61 ± 94.74 items per yellow clam in Maharashtra [182]. This em-
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phasizes the fact that when clams expand and open their mouths wider, these clams sieve
a larger body of water, causing the clams to ingest a greater amount of the micro debris
present in the water [182]. According to FAO, a predicted amount of 4.9 kg of shellfish is
consumed yearly per individual worldwide; taking this into consideration with a mean of
2.7 ± 12 microparticles per kg in the tissue of these specimens, an individual may roughly
ingest 13 ± 58 microplastics yearly through the consumption of shellfish alone [181].

According to a survey of bivalve intake conducted across local households, a mean
value of 120.59 g bivalve tendons is consumed each meal per individual; by taking this
into consideration, approximately a mean of 3917.79 ± 144.71 microplastics are ingested
per person annually [181]. Moreover, annually, refrigerated squid alone could transfer
776.5 million small particles outside of India through international trade (Daniel et al., 2021).
Attributed to their ability to function as a carrier of substances that might threaten the
security of seafood, microplastics are thought to be a gateway for hazards carried by
seafood [181]. Raw and cured kinds of white shrimp are commonly served in meals. For
raw shrimp, the top layer exoskeleton is eliminated to lower the chances of the human
ingestion of micro debris. On the contrary, humans are likely subjected to some level
of micro debris from the consumption of shrimp hindguts that have not been extracted,
particularly in the case of mini shrimp [84]. According to statistics from the Government of
India (2018), an approximated amount of 4584 tons of cured shrimp is produced yearly in
the country [81]. As a preliminary estimation, around 733.44 million small plastic particles
are assumed to be transferred via the intake of cured shrimp cycle alone based on an
estimated mean amount of small plastic particles in shrimps of 16 per 100 g [84].

In a recent study based on the terrestrial environment, soils were particularly impacted
by microplastic contamination in urban areas because of increased anthropogenic activities
and the fact that the soils of urban areas could potentially serve as sinking sites for micro
debris [183]. The collected soil specimens in this research were soils mainly used for
agricultural activities. The soil exhibited physicochemical changes from standard crop soils
due to microplastic pollution. Based on the analysis, the soil has a lower bulk density and
followed by a moderately lesser pH in soil specimens, which was an average of 5.84 [183]
compared to the standard 7 ± 1 [178]. In addition, the soil specimens showed greater soil
organic and nitrogen contents, closer to the threshold level, and the author inferred that
a greater level of nitrogen in soils might result in leaching [183]. Various forms of plastic
particles have the tendency to accumulate in urban soils that may potentially disintegrate
into tiny particles, leading to detrimental consequences for soil flora as well as fauna.

3.3. Indonesia

In Indonesia, the ingestion of microplastic by fish is prominent in the country’s marine
environment. One of the fish, Gambusia affinis, was polluted with small-sized particles.
According to Rautenberg et al. [184], this species is an ecological stabilization species due
to its broad range and biological significance in the human food cycle. The digestive
area and gills of the species were filled with micro debris. Both of the studied organs are
relevant to the sampling location, where the sampling points with the highest microparticle
concentration of about 5192.59 items/m3 contained fish with greater amounts of micro
debris in their gills and digestive tracts, which amounted to 2861.11 items per gram and
4125 items per gram, respectively [185]. According to Buwono, Risjani and Soegianto [186],
micro debris in the gills tends to build up during the filtration operation at the point of
respiration and feeding, whereas the deposition of small particles in their digestive tracts is
assumed to be due to the species’ jaw opening that allows the entrance of both large and
minute pieces [186,187]. Large amounts of residential waste that are generated by densely
populated areas reach the marine habitat, increasing the composition of micro debris in
the water.

In addition, according to McCauley [188], fish are a widespread species that contribute
significant ecological and economic value that can act as stress monitors in marine envi-
ronments [186]. Gambusia affinis are regarded as foreign, aggressive fish in the country as

453



Sustainability 2023, 15, 6813

they can rapidly breed with a high level of adaptability to different environments [189].
In a study, an oxidative stress test in relation to the microplastics showed that the species
had positive feedback to the test, which was due to the consumption of microparticles.
According to Jabeen et al. [190] and Movahedinia et al. [191], microparticles may be caught
in the gills, leading to hypoxia strand cracks, reduced respiratory capacity, and the de-
struction of the gills, which may eventually raise the risk of illness in the species [192].
Furthermore, microplastic contamination has affected marine urchins and seagrass, with
small particles detected that amounted to 23.7 ± 2.99 particles per sea urchin and a cumu-
lative of 0.34 ± 0.07 particles/cm2 of seagrass at Barranglompo islet [193]. This island is
polluted due to extensive human activity and poor waste handling, particularly plastic
waste, which is dispersed over various portions of the area, leading to the entrance of
degraded microplastics into deep marine seagrass habitats. These particles may further
travel to sea creatures, mainly those that feed on seagrass, as particles may become attached
to the fronds of seagrasses.

Marine urchins are known to be significantly consumed by the local residents of the
islet due to their considerable economic and rich mineral content [194]. This organism
is known to be a generalist feeder that can intake large amounts of microplastics from
seawater, particularly from the unintentional consumption of sediments from the bottom
of the sea or sea grass fronds [193]. Similar to sea urchins, another substantial food in the
country of economic value is Skipjack tuna due to the prevalence of this fish throughout
the whole maritime territorial environment, and the country holds the rank as one of the
top breeders and suppliers globally [195]. However, this species was found to be filled
with micro debris, amounting to a mean of 76.72 g in the GI tract alone [195]. Moreover,
the accumulation of particles in sandfish was revealed to amount to 2.01 ± 1.59 pieces
per species. This species ingests a huge number of sediments that could be filled with
microorganisms, phytoplankton, and shellfish [196], and due to their inability to filter-feed
the particles, the species might ingest microplastics. This species is captured for regional
human consumption but also farmed in industrial fish cultures [196]. The country is known
to be a significant place for sandfish species, and there has been a surge in the sandfish
market [197].

Additionally, a mean particle concentration of 1.97 items per species of blue panchax
was discovered at Ciliwung estuarine, as debris has accumulated at the estuarine due
to tourism-related activities as well as dumping from resorts and eateries in close prox-
imity [198]. In addition, microplastic contamination in water can cause physicochemical
changes to water standards. Based on a study related to Brantas river water, the physico-
chemical changes of the water were analyzed. The analysis showed that the temperature
of the stream was 21 ◦C in the upper section of the stream and 31 ◦C in the lower sec-
tion [186], lower than the standards shown in Table 9. The growth of flora that safeguards
the upper section of the stream could have caused the temperature of the upper section
to be lower than the standards. Next, the overall suspended solids (TSS) measurements
varied between 39.0 and 750.1 mg/L, whereas the overall dissolved solids (TDS) showed
readings between 195.3 and 375.0 mg/L [186], and the TDS is within the standards shown
in Table 9. Increased amounts of TSS downstream may be a result of larger quantities of
soluble salt, high pesticides and urban waste, sewage waste, decaying vegetation, and
riverbank degradation. According to Risjani et al. [199], the streams genotoxicity could
have been mediated by the elevated TSS levels, which are produced through sediment
inflow into the Brantas river [186].
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Table 9. Standards for physicochemical parameters of water.

Parameters Standard Reference

Temperature 25–32 ◦C [200]

Total suspended solids (TSS) <400 mg/L [186]

Total dissolved solid (TDS) <1000 mg/L [186]

pH 6–9 [186]

Dissolved oxygen (DO) >4 mg/L [186]

BOD 1–8 mg/L [200]

Nitrate <10 mg/L [186]

Phosphate <1 mg/L [200]

In terms of pH, the scale read between 6.8 and 7.6 [186], and these readings are within
the standards shown in Table 9 and are ideal for the survival of the species in the river. The
DO varied between 1.4 and 8.1 mg/L [186], in which certain sampling points had values of
more than 4 mg/L, above the standard established by Supenah et al. (2015) as deduced
by the organic contaminants predominant in pollution, especially domestic waste from
household chores [201]. Lastly, the BOD values ranged between 5.9 and 20.8 mg/L [186],
and the lower section of the river showed a maximum BOD of 20.8 mg/L, relatively higher
than the standards. According to Widodo et al. [202], the BOD of water is important in
measuring the amount of available oxygen needed by organisms to break down organic
matter under aerobic conditions. The greatest BOD content was located in the lower section
of the stream, which could be due to pollution from organic waste associated with the close-
to-high level of nitrate, which varied between 1.7 and 9.2 mg/L, as well as the moderate
level of phosphate, which varied between 0.4 and 1.2 mg/L [186].

3.4. Vietnam

In Vietnam, the studies that had been conducted to investigate the impact of mi-
croplastics pollution on marine environments were limited. One of the impacts is inges-
tion by clams, wherein clams collected from the Ban Sen community showed the pres-
ence of microplastics that amounted to a range between 0.25 ± 0.16 and a maximum of
0.67 ± 2.98 items per clam [203]. Ban Sen contains roughly 150 families and about 2.6 mil-
lion clam cages, where, in 2020, roughly 2.250 tons of aquatic resources, including clams
and oysters, were produced [203]. Based on two different sampling sites, Quang Ninh
and Nam Dinh, the authors stated that juvenile clams from Quang Ninh contain a greater
number of microparticles in their tissue compared to mature clams and vice versa at Nam
Dinh [203]. The species has an abundance of pellet-shaped microplastics, contrasting with
many studies conducted based on different environments where fibers and fragments are
more prevalent.

This country is an attractive site for fishing and seafood sector growth [204]. Mollusks
are significant trade and nutritional resource for the people in the country, contributing
greatly to economic growth, and according to VASEP, mollusk cultivation in 2020 alone
yielded an overall total of 375,000 tons. Oysters obtained from Da Nang growing bay
accounted for 445 microplastics overall and an average amount of 18.54 ± 10.08 pieces
per oyster sample [204]. The authors deduced that this abundance might be attributed
to the generation of domestic waste, leading to shellfish capturing areas being highly
polluted [204]. Da Nang is very much contaminated with microplastics in various environ-
ments, such as in drainage canals [109], street dust [108], and beaches [102]. Microplastics
with fragmented shapes were located in the oysters [204] significantly more than fibers,
which were predominantly seen in several studies in Da Nang, and it has been suggested
that the limited specific surface area of the fragment-shaped particles could have caused
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them to settle and concentrate in deep waters [205], leading to a higher number of mi-
croplastics in oysters.

Polymer types, such as nylon and MUF, were identified in the oysters, and it was
deduced that the greater density of these polymers could have led to them sinking into
deep waters [204]. MUF is a prevalent thermoset resin for producing wood compounds
as well as varnishes to enhance waterproofing [204]. Oysters are cultivated specifically
around seaside regions in structures dug into the seabed or on strings dangling on rafts, and
these species are more susceptible to consuming small-sized particles that are deposited in
freshwater in situations when there is insufficient feed for the oysters [204]. Additionally,
in another bivalve analysis, the species showed roughly 2.60 pieces per bivalve, with a
predominance of PP and polyester [206].

3.5. Iran

The presence of microplastic contamination in Iran has impacted waterbodies and
terrestrial and atmospheric environments. Based on the water environment, one of the
impacts was micro debris ingestion by fish species at a wetland called Anzali, which is
located close to the Caspian Sea, which has a significant role in sustaining the welfare of
the community through leisure and angling activities. The fish species captured from this
wetland showed about 358 microplastics in the bodies of the species [207]. This area is
contaminated with many different sources, including factory waste, crop waste, hospital
wastewater, and dirty waterways, placing a severe strain on the wetland and eventually
leading to microplastic contamination in the water. There are possibilities for the species
to have unintentionally consumed substances that are present on plant surfaces, retained
in sediment, or confined inside biofilm structures [207]. The fish species analyzed were
omnivores, and such species might absorb microplastics through sediment or flora’s exterior
during consumption of benthic creatures, as the amount of debris is greater in sediments
and showed a maximum value of 3690 items per kg of sediment in Anzali swamp [208].

Omnivores tend to retain particles in the stomach for lengthier periods of time, which
may p result in a larger volume of micro debris in the digestive tracts of these species [207].
Furthermore, the stomachs of fish from the Karkheh basin, which is close to the Qarasu
stream, a significant stream in the country of the Kermanshah metropolis that supplies
water to farming areas, were contaminated with microparticles that varied between 1.5
and 15 pieces per fish with a predominance of fibers [209]. This is relatable as the Qarasu
estuarine that connects to the waterways of the area is polluted with microplastics. Studies
based on ingestion by crustaceans, shellfish, and other aquatic organisms are limited in Iran.
Based on the terrestrial ecosystem, a soil specimen analysis conducted recently in Ahvaz
town on urban and manufacturing soils showed microplastics that amounted to an overall
count of 10,940 pieces [210]. Micro debris in topsoil could have impacted flora interactions
with the topsoil by changing the morphology, liquid dynamics, and the biological growth
of plants.

According to Nematollahi et al. [210], microparticles may influence the manner in
which earthworms build their tunnels, leading to higher amounts of micro debris seeping
into ground liquids. Ahvaz’s atmospheric air contains microplastics that have been an-
alyzed and shown in a recent study [130]; thus, air precipitation could have contributed
considerably to transfer into soils from the town’s urban as well as commercial sectors,
leading to high amounts in deep soils [210]. In terms of the atmospheric environment, the
direct impact of microplastic contamination in such an environment is human exposure,
wherein the micro debris is located on the external parts of a human body. The impact of
the atmospheric ecosystem was proven with the presence of micro debris found on the
human skull, epidermis, hair strands, as well as hands and spittle, in a study conducted at
a few locations in Iran [138]. A cumulative of 16,000 microparticles was found in which
the male population had a greater count compared to the female population chosen for the
research [138].
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The prevalence of atmospheric particles, particularly fibers, was abundantly noticed
on hair follicles, which was deduced to be a consequence of meteorological conditions that
could influence the regional variations of microplastics on skulls and hair follicles [138].
It is assumed that Bushehr’s humid climate could have encouraged the adherence of
microplastics to the participants selected for the study [138]. Additionally, the utilization of
helmets by men and head veils by Iranian women serve as primary settling sites for micro
debris onto skull and hair follicles. The presence of microplastics in Iran’s land dust, as
well as airborne micro debris, is an emerging matter due to deposition onto the human
body; thus, more studies have to be conducted in Iran to further explain the situation and
its consequences.

3.6. Thailand

In Thailand, the environmental impact primarily relates to the marine environment,
where ingestion by sea animals has been observed, yet limited research has been carried
out in the country. One of the conducted studies was based on the blood of cockles as well
as green mussels acquired from a few carefully chosen markets and rearing spots. In this
study, the blood of the cockles retrieved from the rearing spot yielded fewer microplastics,
6 ± 1 pieces, compared to the market-purchased cockles, which yielded 11 ± 5 pieces per
cockle, whereas green mussels also yielded similar results of 96 ± 19 for market-purchased
and lower values of 11 ± 7 pieces per mussel from the rearing spots [211]. Approximately
193,000 tons of mollusk and an overall 21% brine aquaculture yield are delivered each
year by green mollusks [212]. According to Tuan-Ta et al. [211], the increased quantity of
microparticles in commercialized bivalves could be caused by pollution during wrapping
and shipping from rearing areas to marketplaces [211].

Additionally, bivalves for sale may be polluted by precipitated atmospheric microplas-
tics as the bivalves are presented for sale in an exposed area [213]; hence leading to more
particles being observed at the marketplace than the rearing spots. Mussels are farmed
using a variety of plastic equipment, including cords made of polypropylene and buckets
comprising polyethylene, to assist in suspending the bivalve over the water’s surface,
whereas cockles are raised by employing a sowing cultivation approach, as cockles are
prone to residing about 2 m inside of a mudflat via burying [211]. There was a predom-
inance of fragments in the bivalves exposed to nylon located in the marketplace, which
might be due to shipping and wrapping [211]. In addition, sessile invertebrates surfaced as
a species that ingested microplastics, amounting to a maximum of 0.6 pieces per gram [214].
According to this study, the key elements that influenced the concentration of the micro
debris consumed by sea creatures were the degree of contamination in the intertidal ecosys-
tem and duration away from habitat spots as well as anthropogenically impacted places
near beachfronts [214].

One of the spots where invertebrate samples were collected was Angsila, which ap-
peared to have improper management measures enforced to handle plastic contamination,
and as a result, economic shellfish and fish cultivation techniques have been negatively
impacted in the region, eventually leading to an increased buildup of microplastics [214].
Mussels and clams that have ingested microplastics were collected from Bandon Bay with
water flowing from the Tapi-Phumduang stream with a prevalence of fibers and fragments
inside the tissue specimens of both the species. This is in line with the predominance of
microplastic shapes discovered in the top water and deep sediment acquired from the
Bandon environment [150]. This bay is a significant mariculture area for its abundance
of commercially valuable shellfish [150], and it has been suggested that stream release
combined with ocean practices, such as angling and mariculture, could be a crucial source
and channel for microparticles to access Bandon Bay. Furthermore, at Songkhla, prawn
and catfish, which are popular foods in the area, were acquired, and the abdomen of these
species contained a total of roughly 172 microparticles, extracted with a predominance of
fiber-shaped forms [215].
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Catfish are known to be a benthic species that dwells inside Songkhla pond and
are widely distributed during the monsoon period until the end of the period, whereas
yellow shrimp are distributed in the outer part of the pond nearly year-long [215]. Prawns
have commercial importance, notably at this pond, where there is a high demand from
marketplaces and surrounding nations, such as Malaysia and Singapore, due to their
excellent flavor, delicate shells, and suitability for a variety of cuisines [215]. The authors
predicted that amid the COVID-19 pandemic, the majority of workers remained at home,
which could have led to more frequent laundry, removing extra fibers, which then infiltrate
drains, canals, and ponds, polluting ground and ocean animals [215]. The polyester
polymer type could have arisen from the cleaning of face covers made of fabric, whereas
rayon may be derived via laundry-generated garment lint. Moreover, it is possible that
pieces of shattered angling nets would float and gather on the sea surface at the outflow of
the pond, eventually flowing into the Gulf of Thailand [215].

Due to high waves, liquid from the ocean in the Gulf of Thailand would access
Songkhla Lake via the pond’s opening, and vice versa, the situation occurs in the mid of
lesser tides [215], leading to microplastic contamination in the Gulf of Thailand. Sating
Phra Division, situated close to the lower bay of Thailand, is among the fastest-growing
regions in terms of commercial expansion, and microplastic ingestion in demersal as well
as pelagic types of fish was demonstrated [216]. The abdomens of demersal species showed
a little larger mean count of microplastic, amounting to 5.41 particles per gram compared
to pelagic fish, which exhibited a mean count of 4.61 particles per gram, and the author
deduced that this occurrence could be the result of abundant polymer waste present on the
surface water of the sea [216]. Owing to the firmness and nature of plastic, the majority
of polymer waste tends to float on water top, wherein pelagic species could misinterpret
plastic as feed for consumption. After reaching the sea, polymers tend to remain at the top
layer of the seawater for a specific amount of time before disintegrating into smaller shards
and moving to different trophic zones in the sea, including the center zone and, eventually,
to deeper zones of water. Hence, the above has become a leading cause for the abundance
of microplastics in pelagic fish abdomens.

3.7. Philippines

The impact on the environment in the Philippines mainly relates to marine environ-
ments. Based on the marine environment, ingestion by aquatic species is prominent in the
Philippines. Market fish species obtained from Cebu islet consumed microparticles that
came to an overall count of 635 particles from 81 species, with over a 90% predominance
of fiber pieces [217]. According to the authors, the area of study is crowded with a high
number of people, approximately 1.68 million people compared to other towns within the
country [217], which may have led to micro debris pollution in the area. In another study
based on the same island, whale shark excrement contained a count of 393 microparticles,
with larger amounts of fragments shape and the PP plastic polymer group [218]. The
imperiled whale shark could devote about 7.5 h daily eating at the top level of the water,
which permits the species to filter roughly 326, 000 L of water every hour [219]. In addition,
whale sharks can effectively consume small particulates, notably fish larvae via cross-flow
screening (Motta et al., 2010 [219]) and hence potentially also consume microplastics.

Whale sharks that feed at the top level of waters in Cebu could have potentially
consumed roughly 14, 000 microplastics daily [218], presuming seawater filter efficiency
is 326, 000 L per hour and an average of 7.5 h daily devoted to eating at the top level of
the water [219]. In addition, microparticles were observed in cultivated green mussels
that varied between 0.27 and 0.41 pieces per gram at Bacoor Cove. This bay has a thriving
mussel market and is regarded as being among the country’s leading mussel growers [220].
Fibers were most counted supposedly due to the widespread usage of PP cords used by
numerous mussel growers at the bay, whereas the subsequent prevalence of fragments
can possibly be related to the utilization of readily compostable polymer bags made from
oxo-biodegradable PE [220]. Additionally, based on oyster analysis in the country from

458



Sustainability 2023, 15, 6813

three different locations, 11.8 pieces in an oyster were extracted recently [221], which is
in line with another study conducted at the Bombong estuarine, where about 40 small
particles were extracted from oysters grown in the aquaculture spot.

The microplastic shapes observed in green mussels were also found in the oyster
specimens. In addition, many different fish species have been shown to have ingested
microparticles from the aquatic environment; the occurrence of microplastics are also found
in rabbitfish and mullets, which contained 85 and 33 pieces in their bodies, as obtained from
different areas of East Visayas [222]; an abundance of 97 microplastics in the gastroenteric
of all rabbitfish species taken from the Tanon Strait [223] and Negros. This observation of
similar fish species showed an ingestion of 0.6 pieces per species [162]. Rabbitfish have been
analyzed in many studies, as this species is among the main fish that are highly consumed
by the people in the country due to the flavor and rich protein content of the species.
Mullets consume sand as well as dirt along with tiny algae or natural substances [222],
causing the species to have high chances of ingesting microplastics that are under intertidal
strata as mullets are known as benthic creatures [224]. Angling is a leading sector, with a
mean intake level of roughly 40 kg of fish or derivatives from the species by an individual
yearly, leading the Philippines to be the largest worldwide in these terms [225].

As rabbit fish species are deep water consumers, the species have the potential to
persistently intake significant amounts of microparticles in situations of over-exploitation
of coastal habitats, notably excessive clearing of algae as well as the constant dumping of
polymer into waters [223]. Additionally, habitat splitting occurs frequently among rabbit
fish that shares the same resources [226]; therefore, they could be susceptible to different
microplastics, as rabbit fish have such an ecological approach. In addition, “sardinella
lemuru”, commonly called sardine, are a significant aquatic food resource in the country,
and those primarily caught offshore are filled with microplastics in the abdomen of the
species, amounting to 2238 pieces from 600 species collected [227]. This important fishing
area yields roughly 50 to 60 percent of the overall yearly output, which is then converted
into products, such as canned or bottled sardines [227]. The high presence of microparticles
in sardines from different areas in Northern Mindanao was explained by the magnitude of
the human population, which could be the reason, as in this study, the overall number of
microplastic consumed by the species substantially correlated with the number of people
living close to the collection areas [227].

4. Summary of Study

Microplastic contamination is prevalent in all South Asian countries. In summary,
based on the coastal environment, fiber and films were more commonly observed in coastal
studies in Bangladesh and the Philippines and, in contrast, fibers and smaller amounts of
fragments were observed in India, Indonesia, Iran, and Thailand. The common polymers
detected in coastal areas are rayon, nylon, PVC, HDPE, LDPE, polyester, and PP based on
the seven countries. For beach areas, fibers, fragments, foams, and pellets were located
in Bangladesh, India, Vietnam, Iran, and Thailand, all studies where PP, PE, PS, EPS,
and PET polymer forms were discovered. In terms of river environments, Bangladesh,
Indonesia, and Iran showed primarily fiber polymers, whereas Thailand and Vietnam have
a subsequent abundance of fragments, and the Philippines is the sole country that has
additional shapes of microplastics, such as films, pellets, and lines in the streams. The
polymer types predominantly located in river streams were PP, PE, polyester, LDPE, and
PS in all six South Asian countries. Based on lake and wetland specimen analysis involving
water and sediments, the prominent shapes of fibers, films, and pellets were observed with
HDPE, PVC, and PP polymer types in Bangladesh, Vietnam, and Iran, whereas Indonesian
bay environments were characterized by foam, followed by fragments, which contrasts
with the detection of microplastics in Iran, Thailand, and the Philippines that exhibited
fragment dominance, followed by fiber and pellet shapes. In all four of these countries, the
polymer types in the bay are PE, PET, PP, and PS. Mangrove area specimens in Vietnam
showed fiber dominance with larger sizes, contrasting to the findings in Indonesia that
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yielded foam and fragments smaller than 1000 μm; however, the polymer types were
identical in both countries, with PE, PP, and PS. Watershed analysis in Vietnam and the
Philippines showed common polymers of PP, PE, and PET in the shapes of fibers and
fragments. Based on the estuarine environment, fiber is the most dominant shape and
is mostly below 1 mm in size of polyester, PP, LDPE, and PE in India, Indonesia, Iran,
and Thailand. In all the studies conducted based on the seven South Asian countries, the
microplastics range in size between 100 μm and 5000 μm, with the majority having a size
below 1000 μm. Fibers are commonly observed in every country and are mainly related to
household launder waste as well as wearing off of garments, leading to the accumulation
of fiber-shaped microplastics, and another contributing factor is the higher population in
the area, which could create more launder effluents.

In addition, in every country, polyethylene was observed, where PE and PP are known
to be in plastic products, such as plastic bags, bottles, wrappers, and more items. The high
utilization and improper disposal of plastics made up of PE or PP polymer leads to the
accumulation of microplastics, as plastics are not naturally biodegradable products, and
these plastics tend to degrade due to high UV or climate-induced reasons. Additionally,
aquaculture-related activities, mainly fishing, lead to the generation of microplastics of
different forms in most of the South Asian countries reviewed in this study. Moreover,
microplastics tend to further disintegrate into smaller sizes, as low as 300 μm, which is a
result of aging and wear brought about by environmental factors as well as hydrodynamic
fluctuations. One of the reasons for the accumulation of microplastics in huge water
environments such as seas, bays or coastal areas is due to the influx of water from rivers,
lakes, waterways, or canals, which are already contaminated with microplastics. In terms
of the current conditions of microplastics in South Asian countries, the main environments
that are highly contaminated are water-based places, such as rivers, estuarine, beaches, and
seas, as the transfer of microplastic to water environments is easy due to air movement and
rainfall. Moreover, a few food items that are commonly utilized, such as sugar, teabags,
shrimp paste, and salts, have been contaminated with microplastics based on recent research
conducted in some of the countries.

In brief, the condition of microplastics in each South Asian country relates to the
abundance of microplastics found in various environments as well as the presence of
microplastics in the food and air. The main environments that are highly contaminated
are water-based places, such as rivers, estuarine, beaches, and seas, as the transfer of
microplastic to water-based places is easy due to air movement and rainfall. The majority
of the countries reviewed were characterized by the presence of microplastics in food items,
such as tea bags, sugar, and, notably, salt packets. Microplastics have also been present
in the atmosphere in a few countries, such as Indonesia, Iran, and Vietnam. The presence
of microplastics in the air leads to the settling of these particles in various areas, such as
classrooms and indoor buildings as well as being carried by snow particles and dust. In
terms of the impacts on the environment, every South Asian country has been affected in
the marine environment, where ingestion by aquatic life has been widely observed, such
as in shrimp, oysters, clams, mussels, and fish, wherein this ingestion by seafood species
could be a vulnerable pathway for human exposure to microplastics.

5. Future Works

The Sustainable Development Goals (SDGs), global goals that are a set of separate
but interrelated objectives precisely crafted to provide everyone on Earth a brighter future,
comprising numerous milestones and evaluation markers focused toward 2030. The
purpose of Sustainable Development is to promote progress that meets current requirements
without affecting the resource supply of subsequent generations [228]. Two Sustainable
Development Goals that can be related to this study are SDG 6, clean water and sanitation,
and SDG 14, for water-based life. As the microplastics issue is highly concerning in terms
of water-based environments, achieving both SDGs is highly important. Accessibility to
clean water and sanitation, as well as the sustainable maintenance of freshwater supply,
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are crucial, and they relate to Sustainable Development Goal 6 in that they boost economic
output and act as powerful multipliers for newly made expenditures in healthcare and for
educational purposes [229]. In terms of SDG 14, this goal focuses on the protection and
appropriate utilization of marine resources. According to GSMA [230], by 2100, a roughly
100 to 150 percent increase in acidity could occur, causing damage to over 50% of aquatic
species and, in 2050, it is predicted that plastics could be higher in number than fish species
present in oceans.

One of the targets of SDG 14 is to minimize and eliminate marine contamination by
inhibiting and drastically decreasing all forms of marine contamination, especially that
caused by land-based practices, such as fertilizer pollution and ocean waste disposal by
2025 [230]. Moreover, one of the targets of SDG 6 is to enhance water purity by 2030
by decreasing contamination, stopping dumping, limiting the discharge of dangerous
chemicals and substances, lowering the amount of unprocessed wastewater as well as
vastly expanding recovery and ethical reusing worldwide [229]. Hence, to achieve the aim
of SDG 6 and SDG 14, rapid measures should be taken through the implementation of
new and advanced rules related to plastic utilization, and more efficient water processing
facilities as microplastic contamination from plastics is becoming more prevalent. Persistent
improper disposals may cause more microplastic to be generated, and thus, more efficient
disposal systems and facilities must be developed, and greater attention has to be given
to developing and developed countries to prevent more accumulation and dispersion of
these microplastic to food and other environments. Higher enforcement of plastic usage
policies with stricter laws is needed, as the increased usage of plastic will cause many folds
of microplastic generation. In order to minimize fiber abundance, the innovation of good
microplastic-filtrating systems in laundry machines could possibly be a promising way
to reduce fiber microplastics from residential areas, as fibers were prominently noticed
in every South Asian country viewed in this study, and the addition of extra processing
or filtration systems in purification facilities to remove other forms of microplastics. The
characterization of microplastics in South Asian countries and the current condition of
microplastic pollution, and the impacts on the environment, were researched in this study.
Regarding the current conditions, the presence of microplastics in the food chain was
mainly observed in salt, sugar, tea bags, and many more food items in certain South
Asian Countries. Wide research has to be conducted regarding the microplastics found
in food and beverage items in South Asian Countries to locate the possible routes of
the microplastics to food and beverage goods as well as the potential consequences to
humans due to the ingestion of food and beverages contaminated with microplastics.
Microplastic contamination in the human body must be studied to better understand the
level of dispersion of microplastics.
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Abbreviations

μm micrometer
mm millimeter
cm centimeter
kg kilogram
MMT Million Metric Tons
AR Awano River
AsR Asa River
AyR Ayaragi River
MR Majime River
EPS Expanded Polystyrene
PAN Polyacrylonitrile
PDAP Polydiallyl phthalate
PE Polyethylene
PET Polyethylene terephthalate
PES Polyester
PMMA Polymethyl methacrylate
PS Polystyrene
PTFE Polytetrafluoroethylene
PP Polypropylene
PVA Polyvinyl alcohol
PVC Polyvinyl chloride
SIS Seto Inland Sea
SJ Sea of Japan
HDPE High Density Polyethylene
CA Cellulose Acetate
LMP Large Microplastics
SMP Small Microplastics
ABS Acrylonitrile Butadiene Styrene
PPE Personal Protective Equipment
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Abstract: Microplastic pollution is a common problem in the coastal and marine environment, es-
pecially in the transferential process through trophic levels. This study analyzed the characteristics
of microplastics in the seawater, sediments, and green mussels (Perna viridis) around Sri Racha
Bay, Thailand, during the dry and wet season in 2020. This area is a semi-enclosed bay highly
affected by extensive green mussel farms and anthropogenic activities. Qualitative and quantitative
analysis of microplastics was undertaken using a stereomicroscope and micro-Fourier transform
infrared spectrometer (ATR-μ-FT-IR). During the wet season (July), the average abundance of mi-
croplastics was found to be relatively higher in water (2.06 ± 1.78 particles/m3) and sediment
(69.35 ± 22.29 items/Kg D.W.) than those found in the dry season (April) (0.85 ± 0.25 items/m3 in
water and 48.30 ± 28.17 items/Kg D.W.). Overall, the most abundant microplastic polymers were
PE, PP, and poly in water, but PE, nylon, and PP in sediments. In green mussels, microplastic counts
were 0.15 ± 0.41 and 0.22 ± 0.57 items/individual in the dry and wet season, respectively, and PET,
PP, and nylon were the three most abundant. Some inter-specific differences were found, but no
evidence for a sampling sites or seasons was highlighted, although the tendency was higher during
the wet season. The excessive riverine freshwater discharge transported terrestrial plastic debris into
the estuarine system; hence, higher microplastic contamination in surface seawater and sediment was
evidenced. The presence of colorants in organisms revealed an anthropogenic origin through the use
of a wide array of applications. This study provides thoughtful insights for coastal area management
and food-safety planning.

Keywords: FTIR; green mussel; microplastic pollution; sea floating raft culture; Gulf of Thailand

1. Introduction

Plastic debris in aquatic ecosystems has become a serious concern due to its high con-
sumption and the high potential of accumulation by its long degradation time. Eventually,
plastic debris can be broken down into smaller particles via photo-oxidative, chemical, and
biological mechanisms [1–4]. These fragments are defined by sizes into nano-plastics (less
than a few micrometers), microplastics (approximately less than 5 mm), and mesoplastics.
Plastics and microplastics enter the marine and coastal environments by human activities
such as fishing, tourism, marine transport, shipping, and industries [5,6] or from land
to the sea through river discharge [7,8]. Of these, microplastics are the ones receiving
close attention from various researchers due to their potential as a threat to marine lives.
Some toxic pollutants can be adsorbed on the microplastic surface once in the marine
environment [9–11]. Microplastics are likely to be taken up by marine organisms. When
microplastics are ingested, additives and adsorbed chemicals can be released and pose
potential risks to their health [12–16].

The distribution of microplastics has been reported in marine environments in many
regimes, such as in water [17–22] and sediments [23–25]. Recent studies have shown
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that microplastics have been detected in a large number from marine species of various
geographical areas and trophic levels [26–32]. Additionally, microplastics may be trans-
ferred along marine food webs [33,34]. Consequently, microplastic pollution has potentially
threatened marine ecosystems and human health. Thus, it is significant to expand our
knowledge of the occurrence, abundance, and effect of microplastics in marine ecosystems.

In Thailand, microplastic pollution has been reported in many areas, such as estuarine
water at the Chaopraya River mouth [35], beaches [36,37], sediments in the urban estuary
in Phuket Province [38], and marine organisms [31,39,40]. Unfortunately, the degree and
evaluation of microplastics in coastal farming areas are rarely established and unclear. This
issue needs to be addressed, and the possible transferential pathway of microplastics from
surrounding to marine organisms must be determined.

Bivalves have been extensively used as a bio-indicator species for environmental
monitoring for pollutants such as heavy metals, microplastics, and persistent organic
pollutants due to their immobile nature, immense distribution, high tolerance towards
contaminants, and the ability to filter a large volume of seawater. Moreover, bivalves,
especially mussels, are directly connected with other marine predators on the higher
trophic level, as well as human health. Green mussels (Perna viridis) are selected in this
study because of their value economically as highly sought-after seafood in Thailand.
Low prices and convenience can lead to a direct transfer of microplastics if green mussels
are contaminated. The mussel is a filter feeder; therefore, its activities depend on the
environment (water temperature, salinity, and currents) and the concentration of food
particles in water. The ability to accumulate various pollutants makes green mussels
reliable bio-indicators for marine pollution [41–43]. The cultivation of green mussels
is highly extensive in Sri Racha Bay or the Sri Racha Coast, Chonburi Province, which
is strategically located in the special economic zone of Thailand, namely the Eastern
Economic Corridor (EEC). This area has been well-known for green mussel farming in
Thailand for decades. The cultivation of green mussels is mainly undertaken by installing
sea-floating rafts. While green mussel farming is crowded in marine areas, Sri Racha Bay is
also terrestrially densely packed with surrounding land use, including residential areas,
industrial zones, recreational spaces, and an entertainment estate. Hence, some previous
studies demonstrated the corrosion of coastal water quality and heavy metal contamination
around this area [44,45].

This research proposed to investigate the spatial and seasonal accumulation of mi-
croplastics in green mussels, seawater, and sediments around Sri Racha Bay. Understanding
the microplastic contamination across seawater, coastal sediments, and the uptake in green
mussels is the key to evaluating the ecological risk that microplastic pollution poses to
ecological functions and human consumers. This study can contribute useful information
and knowledge in understanding microplastic distribution in aquatic environments for
further developing a coastal management plan.

2. Materials and Methods

2.1. Study Area and Sample Collection

The presence and distribution of microplastics in marine environments around Sri
Racha Bay surface waters and sediment were evaluated during two seasons in 2020: April
(dry season) and July (rainy or wet season). Samples were collected from 5 sampling
stations located about 5 km further offshore and spanned 10 km along the coastline of
Sri Racha Bay, Chonburi Province (Figure 1A). The five locations were selected based on
different influential factors: location 1 (S1) is impacted by waste from the food factory,
location 2 (S2) is the outburst of Sukhrep canal, which runs through coastal community
area and starch factory, and location 3 (S3), location 4 (S4), and location 5 (S5) are influenced
by community activities in coastal areas.
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(A) 

 
(B) (C) 

Figure 1. (A) Sampling sites location in Sri Racha Bay, Thailand (B) Currents around the upper Gulf of
Thailand in April (C) Currents around the upper Gulf of Thailand in July (Reprinted with permission
from Lamsawat et al., 2020 [46]. 2022, Pakorn Lamsawat). Circles and frames show gyre and study
area, respectively.

The hydrodynamics of Sri Racha Bay are complex and influenced by wind and tidal
currents. The general trend of the current runs from the north to the south in the dry season
and the opposite direction in the rainy season [46] (Figure 1B,C).

The level of microplastics from seawater and sediments also becomes a consideration
in choosing the sampling location. A neuston net (75 cm in diameter, 300 cm in length, and
0.35 mm in mesh size), originally designed for sampling of zooplankton, fish larvae, and fish
eggs near the sea surface, was used to collect mesoplastics and microplastics. A flowmeter
was installed at the mouth of the neuston net to measure the water volume passing through
during sampling. The neuston was deployed off the port side. The samplers were towed at
a ship’s speed of 2–4 knots for 15 min in the upstream flow direction. Water characteristics,
i.e., salinity and temperature, were documented and are listed in Table 1.

474



Sustainability 2023, 15, 9

Table 1. Microplastic abundance in seawater and sediments in Sri Racha Bay.

Locations

MP Piece/m3

in Water

MP Piece/Kg
D.W.

in Sediments

MP Number
in Mussels

Salinity
(PSU)

Water Temp
(◦C)

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet

S1 13◦ 8′40.65′′ N 100◦53′46.83′′ E 0.64 1.59 18.58 43.34 13 11 28.86 30.10 31.20 30.00
S2 13◦ 9′46.59′′ N 100◦54′36.21′′ E 1.22 0.92 30.96 80.50 8 20 28.25 30.20 31.00 30.40
S3 13◦10′54.36′′ N 100◦55′15.82′′ E 0.70 0.57 37.15 49.54 5 9 32.38 31.25 30.95 29.80
S4 13◦11′53.24′′ N 100◦55′39.86′′ E 0.69 5.04 86.69 74.30 13 35 31.10 30.80 30.80 30.70
S5 13◦12′46.13′′ N 100◦55′40.74′′ E 0.99 2.20 68.11 99.07 31 37 31.80 31.15 31.50 31.00

Three replications of sediment samples were taken by a stainless-steel Ekman grab
sampler (6” × 6” × 6”). About 1–2 kg of wet sediments were collected and immediately
kept in a clean container. Sediment samples were wrapped with an aluminum foil and
stored in the freezer until further analysis in the laboratory.

A hundred green mussels were collected from each location. All mussels acquired
were adult mussels (shell sizes of 2–9 cm) attached to cultivated rope at depths of 2 and
5 m. All green mussels were then stored in iceboxes to be transferred to the laboratory and
kept in the freezer for analysis preparation.

2.2. Microplastic Extraction
2.2.1. Sea Water

Sea water samples were treated solely with wet peroxide oxidation to remove organic
matter according to [35], with minor modifications. First, each sample was filtered through
metal sieves (5 mm and 1 mm) to remove all natural or artificial litter objects with the larger
size, and the residual particles on the sieve were stored and rinsed into a 50 mL glass bottle
using the distilled water. All residual particles were dried in an oven, sorted using visual
identification, and then identified. The filtered water sample was transferred into a 500 mL
clean glass beaker. At first, 20 mL of 30% H2O2 was added, and the mixture was stirred by
a magnetic stir bar on a hot plate at 60 ◦C for 30 min to digest the organic matter from the
water sample. This step was repeated until the organic matter disappeared in the beaker.
For the separation method, a NaCl solution was chosen, and prepared by dissolving 337 g
of NaCl in 1000 mL of distilled water. We also performed the floatation method, where
separation was achieved based on differences in density to produce samples to be visually
analyzed using a stereomicroscope [47]. The NaCl solution was added to increase the
density of the aqueous solution. After settling for 4 h, the supernatant was filtered under
vacuum through a fiberglass Whatman filter (1.2 um pore size; 47 mm diameter) and nylon
(330 μm mesh size). This process was repeated three times to increase the recovery rate of
microplastics. The supernatant was filtered under vacuum through a fiberglass Whatman
filter (1.2 um pore size; 47 mm diameter) and nylon (330 μm mesh size). This process was
repeated three times. Following this, microplastics with filters were kept in an aluminum
foil and dried in the oven at 60 ◦C. Finally, all samples were kept in glass petri dishes and
covered with a glass lid for further analysis.

2.2.2. Sediments

Each sediment sample was placed in a glass beaker with deionized water and agitated
with a metal spatula to isolate large clumps of sediment. Samples were dried at 60 ◦C in
an oven for 24 h. The dried sample was placed in a glass beaker and 20 mL of 30% H2O2
and 20 mL of 0.05M iron (II) solution were added. The sediment solution was left at room
temperature for 5 min, then was placed on a heating magnetic stirrer and heated to 60 ◦C
for 30 min to increase the organic digesting rate. Following this, samples were settled
about 4 h or until all visible organic materials disappeared. The separation and filtration
processes were performed in the same manner as for the water samples.

475



Sustainability 2023, 15, 9

2.2.3. Green Mussels

All samples were frozen at −20 ◦C until further laboratory analysis. Subsequently,
after defrosting for 1 h, samples were washed with distilled water to remove large matter.
Basic measurements (body length and wet weight) were recorded of each sample without
byssus. Following this, each individual sample was dissected in a metal tray using a scalpel,
forceps, and scissors. Samples were carefully removed from their shells to prevent contami-
nation, and then immediately placed into clean beakers and covered with aluminum foil to
minimize the risk of contamination.

In order to degrade organic matter and enable the detection of microplastic particles,
samples were subjected to hydrogen peroxide digestion according to [42], with minor
modifications. Initially, each sample was transferred into a 500 mL clean glass beaker.
About 20 mL 10% KOH solution was added, and the mixture was stirred for 1 h to increase
the organic matter digestion rate. Following this, 20 mL of 30% H2O2 was added, and
the mixture was heated on a hot plate at 60 ◦C with a magnetic stirrer until H2O2 was
evaporated. After 24 h, around 100 mL of the filtered NaCl solution was added, and the
mixture was stirred for 5 min for density separation. After settling for 4 h, the sample was
filtered under vacuum through filters (20 μm pore size; 47 mm diameter). This process was
repeated three times to increase the recovery rate of microplastics. The filter was placed in
Petri dishes and dried in an oven at 60 ◦C while being covered in aluminum foil. Finally, all
samples were kept in the desiccator for further analysis. During the digestion procedures,
three procedural blanks were also run without samples in parallel with samples containing
the digestion solutions, and any particles detected in these blanks were characterized
as contamination.

2.3. Identification of Microplastics

All potential microplastic particles were subjected to visual examination by the stere-
omicroscopy and identified by their colors and shapes. All plastic-like items from the
samples were sorted and quantified by color (blue, black, white, yellow, red, and transpar-
ent), shape (fragments—irregular pieces; pellets—spherical and ovoid debris; fibers—thin
and elongated pieces) with a stereomicroscope (Olympus SZ51). Polymer types were iden-
tified using a Fourier transform infrared microscopy system (μFT-IR; Spotlight 200i FT-IR
microscopy system, PerkinElmer, Waltham, MA, USA) in reflection mode with 30 × 30 μm
aperture size, using 24 scans and spectral resolution of 4 cm−1. Each spectrum was recorded
after 4 accumulations ranging from 400 to 4000 cm−1. Following this, each obtained spec-
trum was compared to the polymer database (PerkinElmer Polymer database) and the type
of plastic was determined when the research score was higher than 80%. The number of
microplastics were expressed as particles/m3 in seawater, particles/Kg D.W. in sediments,
and items/individual in mussel.

2.4. Contamination Control

Lab coats and gloves were always worn throughout the microplastic analysis to
prevent contamination. Before working, the workplace was cleaned with 70% alcohol;
all glassware was rinsed three times with distilled water and covered with aluminum
foil before usage. The distilled water and saturated NaCl solution were filtered by a
vacuum pump with a WHATMAN® GF/C filter (1.2 μm pore size; 47 mm diameter). For
the blank test, 500 mL of filtered NaCl solution without any samples was used, following
the extraction and separation procedure detailed above. Following this, the dried filters
were observed under the stereomicroscope. There were no microplastics found in the
blank-test filters, indicating that there was no microplastic contamination during the
laboratory work.
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2.5. Statistical Analysis

All results are presented as mean ± standard deviation of the mean (SD). The mi-
croplastic abundances in surface seawaters, sediments, and green mussels with the signifi-
cant differences between the groups (locations and seasons) were determined by ANOVA
and t-test (significance level at 0.05). Linear regressions were used to determine the rela-
tionship between microplastic in mussels, seawaters, and sediments. Additionally, Pearson
correlation was used to determine the relationship between microplastic abundance from
seawater and sediment samples, and mussel sizes and microplastic abundances. Statistical
significance was accepted at p-value < 0.05. Statistical analyses were performed with SPSS
Statistics 27.0 (IBM Corp., New York, NY, USA).

3. Results

3.1. Water

The present study evidenced higher salinity (31.08 ± 1.05 PSU) and water temperature
(30.70 ± 0.53 ◦C) during the dry season and lower salinity (31.09 ± 0.47 PSU) and water
temperature (30.38 ± 0.49 ◦C) during the wet season (Table 1). Microplastics were detected
in all locations, but numbers ranged considerably from 0.69 to 1.22 particles/m3 in the dry
season and from 0.57 to 5.04 particles/m3 seawater in the wet season. Results showed that
average abundance of microplastics in the dry season (0.85 ± 0.25 particles/m3) was lower
than that in the wet season (2.06 ± 1.78 particles/m3). The concentration of microplastics
was highest at S2 in the dry season and S4 in the wet seasons. The density of microplastics
in each station followed a descending order: S2 > S5 > S3 > S4 > S1 in the dry season and
S4 > S5 > S1 > S2 > S3 in the wet season. There were eight colors found in the samples.
Colors of particles varied widely, but transparent, white, and blue were the most common
in water in all locations; meanwhile, red, green, yellow, and grey were observed in fewer
contents (Figure 2A).

The majority of identified particles in seawater were dominated by fibers (10.47 to
40.70%), sheets (0 to 55.88%), and granules (2.44 to 44%) (Figure 2B). That no pellets were
found in this study suggests there are no primary microplastics in this area. A total of seven
polymers were identified from all samples (Figure 2C). Polypropylene (6.45 to 32.85%)
and polyethylene (0 to 66.39%) were commonly observed due to their extensive usage
and ease of degradation. Others (PET, nylon, polystyrene, and PVC) were less prevalent.
Primarily polystyrene was found at S2 and S3, and PVC was found at S1 only in the dry
season. Interestingly, the statistic test showed no significant difference between the number
of microplastics related to sample location and season.

3.2. Sediments

The number of microplastic particles observed at the different sampling stations in the Sri
Racha Bay was presented in Table 1. The items ranged from 18.58 to 86.69 particles/Kg D.W.
weight with average of 48.30 ± 28.17 particles/Kg D.W. in the dry season and from 43.34 to
99.07 particles/Kg D.W. with average of 69.35 ± 22.29 particles/Kg D.W. in the wet season.
Polyethylene was the most common plastic type. Generally, the highest concentrations of
microplastics were found at S4 in the dry season and S5 in the wet season, with concentrations
of up to 86.69 and 99.07 items/Kg D.W., respectively.

The colors of the observed microplastics collected were white, transparent, black, grey,
red, blue, yellow, and green. Figure 2A shows the proportion of microplastics of different
colors varying spatially and seasonally. Blue (35.90% and 30.40%, respectively), transparent
(17.95% and 17.90%, respectively), and green (12.82% and 26.80%) were the dominant
colors in the dry and rainy (or wet) seasons, while white and yellow were found in low
quantities, most of them only in the dry season. The microplastic shapes were mainly fibers,
sheets, granules, and infrequent occurrences of other shapes (such as fragment and rod).
Figure 2B shows that fibers were the dominant microplastic shape in both seasons (38.46%
and 55.36%, respectively). The proportion of sheets in these two seasons was also relatively
high (28.21% and 25.0%, respectively).
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Figure 2. Seasonal variation in relative composition of microplastics in sediments, water, and green
mussels (Perna viridis) in five stations during the dry and rainy season around Sri Racha Bay, Thailand,
according to color, shape, and polymer type. (A) Colors (B) Shapes (C) Polymer types.

As shown in Figure 2C, all items were identified using micro-Fourier transform
infrared spectrum and classified into five categories: PP, PET, nylon, PE, and Poly (ethylene-
co-propylene). The polymer types of the microplastics were diverse in all locations and
both seasons, indicating the extents of the microplastic sources. The polymer types of
the microplastics detected in the dry season were categorized based on occurrence as
PE (46.15%) with the highest proportions, followed by PP (15.38%), PET (15.38%), and
poly (12.82%). In the rainy season, nylon (28.6%) was the most frequent, followed by PE
(23.2%), and PP (23.2%), and PET (16.1%). The study investigated the different degrees of
microplastic pollution because the polymer types and composition were various at the same
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sampling sites and seasons. This finding might suggest either difference or homogeneity of
microplastic sources among sites each season.

In general, microplastics were present across all locations, and no significant differ-
ences could be detected between the five sampling sites and between seasons. This result
might indicate the spatial homogeneity of microplastic occurrence in the study area.

3.3. Green Mussels

A total of 1000 green mussels (from five stations in two seasons) were analyzed for
microplastics. The range (mean ± SD) of length, width, and soft tissue weight of the
green mussels were 2.05–9.00 cm (5.55 ± 0.88 cm), 1.43–5.10 cm (2.66 ± 0.37 cm), and
1.01–9.54 g (3.21 ± 1.36 g), respectively. The whole abundance of microplastics found
in green mussels was around 0.07 ± 0.19 items/gram of wet weight soft tissues and
around 0.19 ± 0.50 items/individual (N = 1000). The average microplastic concentration
in the dry season (0.15 ± 0.41 items/individual) was lower than those in the rainy season
(0.22 ± 0.57 items/individual). In both seasons, the highest microplastics frequency was
observed at S5, while S3 was the slightest (Figure 3a). Microplastic abundances significantly
differed statistically among locations (ANOVA: F = 9.816; df = 4, 995; p < 0.01).

  

 
(A) (B) 

  

 
(C) (D) 

Figure 3. FT-IR analysis and image of representative microplastics found in Sri Racha Bay. (A) Green
sheet in sea water (PE); (B) Blue sheet in sea water (Poly); (C) Green fiber in mussel (Nylon); (D) White
fiber in sediments (PET).
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All 182 identified microplastics in green mussels were grouped according to color,
shape, and polymer type (Figure 2). Spatially and seasonally, the plastics categorized as fiber
were the most observed, reaching 94%. Surprisingly, neither collection sample presented
contamination by primary source microplastics—pellets. Three most frequently found
colors were black (27%), white (25%), and red (23%). Five different types of microplastics
were identified. PET, PP, and nylon were the dominant plastics with respective proportions
of 45%, 40%, and 24%.

Overall, types of microplastic seemed to be influenced both spatially and seasonally
(Figure 2). At S4 and S5, PE particles were absent while other particulars were still present.
Additionally, the component of nylon at S5 differed significantly compared to any other
sites. This finding hinted the difference of microplastic types in green mussel varied among
sampling sites and might provide some explanation as to the site-selecting rationale.

4. Discussion

4.1. Abundance and Characteristics of Microplastics in Surface Seawater

The sampling was conducted at five locations, as shown in Figure 1. The microplas-
tics spread sporadically across area both in sediment and seawater. The abundance of
microplastics is relatively low compared with other coastal water areas from the Tolo Har-
bor, Hongkong [48], Hainan, China [49] and higher than those in the East China Sea [18];
Goiana Estuary, Brazil [50]; Tamar Estuary, Southwest England [51]; or the Japan Sea [52]
(Table 2). Therefore, Sri Racha Bay could be classified as moderately microplastic polluted
areas. Comparing internally with other crucial mariculture areas, such as Ban Don Bay
in the southern part of Thailand [39], microplastic abundance here is significantly lower.
These results suggest that the topography and coastal circulation are the essential factors in
distributing the microplastics in each area.

All surface seawater samples contained microplastic particles, with concentrations
ranging from 0.57 to 5.04 particles m−3; however, there is no significant differences across
study sites and between seasons. It should be noted that while there is no difference
statistically, the amount of microplastics observed in the rainy season was distinctively
high. The hydrodynamic conditions (comparatively high water velocity) and input source
from the river discharge (high rainfall) may lead to the distribution in this area during the
rainy season. The higher concentration in the rainy season is not unique to here; studies
in some estuaries and marginal seas in China [22] also revealed high concentrations. The
river runoffs might be the culprit that ties microplastics to coastal water [35,53,54]. This
finding provides the rationale for designing sampling that includes seasonal variation for
further monitoring.

While there was no statistical difference amongst sites, it should be noted that the
abundance of microplastics in the northern part of the bay (station S4 and S5) was higher
than in the southern part (station S1, S2, and S3) in the rainy season. In particularly, location
S5 is adjacent to the famous tourism beach and seafood factories, and station S4 has a
canal that run though a coastal community. This might be the main source of microplastics
around these two stations.

Overall, recent studies showed that there are many factors influencing the distribution
and abundance of microplastics in water samples, including the human population, wind
direction and resulting water currents and waves, entrance of waste waters and sewage,
size and shapes of microplastics, shipping, and anthropogenic activities (such as fisheries
and industry) in the neighborhood [1,55,56]. Our results found that the reason for mi-
croplastic pollution may be caused by the circulation currents produced by tides and wind.
Additionally, the water circulation pattern in the upper Gulf of Thailand (GOT) was domi-
nated by river discharge and was distinguished from the circulation in the other parts of
the GOT, where it is influenced by the South China Sea waters [57]. Recent studies [58,59]
suggested that wind and currents may influence the transportation of the materials in
surface seawater as well as the abundance and distribution of microplastics. A previous
study on winds and hydrodynamics of the Upper Gulf of Thailand [46] demonstrated
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that winds mostly blow from the south-west. In Sri Racha Bay, winds may significantly
modify surface currents and affect vertical flow changes. The prevailing winds create
surface and near-bottom currents, carrying suspended materials from the northern parts (or
further northward) towards the south of the bay. Hence, the current directions should be
considered as one of the reasons for the lower microplastic abundance in southern stations
and the high microplastic abundance in northern stations.

According to polymer types (Figure 2), most microplastics in seawater were PP and
PE (67% and 85% in dry and rainy seasons). These polymers are the most common for
packing, plastic bags, and material in maricultures. These confirmed that the microplastics
in seawater are very closely related to coastal activities like any other anthropogenic
stressed areas, such as Jiaozhou Bay [60] and Xincun Lagoon, China [61]. However, the
main types of microplastics in Sri Racha Bay differed from Ban Don Bay, where the majority
was rayon [39]. It inferred that source of microplastics might be diverse, while having a
similar type of mariculture activity.

4.2. Abundance and Characteristics of Microplastics in Sediments

Similar to seawater, microplastics were found sporadically across five stations. The ob-
served microplastics in sediment showed no significant difference seasonally, though those
observed microplastic numbers in the rainy season are higher than those in the dry season.
In contrast, microplastic abundance were varied significantly amongst location (p < 0.05).
As expected, total microplastic concentrations were highest around S4 and S5, but we still
cannot be confirm the relation of these observed concentrations to local anthropogenic
activities. However, microplastics in sediments are transported more slowly than in water
because of the stability of sediments [62]. Additionally, many factors affect the spatial
distribution in sediments: source, hydrodynamics, and sediment characteristics [26,63,64].
Therefore the distance from the source might be the main factor affecting the spatial dis-
tribution in this area. The low flushing rate may explain this observation. Microplastics
floating into such compartments could get trapped around this area because of the rafting
patches, eventually settling on the bottom instead of flushing out of this area. This result
could explain the higher microplastic concentrations in these stations. Our findings suggest
that seasonal variations should elicit caution when monitoring the microplastic abundance
in sediments.

Different sampling and analysis processes could make direct comparison difficult and
uncertain. Therefore, some studies that have similar methods were selected. Compared
with the abundance of microplastics in different regions reported in previous studies as
shown in Table 2, the microplastic quantity in the coastal sediment in Sri Racha Bay is
lower than those in the Gulf of Thailand [65], an estuary in Phuket [38], and the Tunisian
coast [66], whilst distinctively high compared to Tokyo Bay [67]. The abundance was more
heightened than in Ban Don Bay, Thailand [39].

Fiber was the dominant shape found in the sediment samples here, followed by
sheets and granules. Hence, a high abundance of microfibers in sediment might impact
the local benthic fauna in various ways [26,68,69]. Additionally, some microfibers might
originate from the rope material used in the fishery activities in the study area [2,18].
FT-IR was performed to identify polymer types of all samples. The majority component
of microplastics in sediment is polyethylene, nylon, and PET, possibly originating from
food packaging, clothes, and fishing gear, with a variation in proportion during both
seasons. Additionally, nylon is used in fishing gear and equipment, such as discarded or
abandoned nets, and could also be considered an important microplastic source. Due to
its density being higher than seawater, nylon is likely to deposit in sediment. Moreover,
the sediment beneath mussel rafts had a more refined texture of mud and silt, with a
higher degree of accumulation [70]. Nylon was also detected as forming the majority in
sediments in some recent studies [5]. There was no rayon in our study but rayon was the
majority in sediments in other areas, such as Phuket [38] and Ban Don Bay [39]. These
confirm that the microplastics in sediments are very closely related to coastal activities
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that agree with other adjacent human activities. Nylon is used in maricultures and since
station S3, S4 and S5 are the location for green mussel farms (raft and bamboo-pole
culture), the farms could also be considered an important microplastic source together
with discarded or abandoned ropes.

Consequently, our results support that microplastic pollutants primarily came from
urban and farming activities. Due to the spatial pattern of microplastics in the sediments,
the microplastics found here were homogenous. This pattern reflects their relative level of
industrialization and urbanization. Hence, the proximity to anthropogenic inputs has been
found to be a fundamental determinant of microplastic abundance in this area.

4.3. Abundance and Characteristics of Microplastics in Green Mussels

Green mussels are filter feeders with a filtration rate of about 24–60 L/day; how-
ever, the filtration rate also depends on various factors such as body sizes and suspended
particles in water [71]. Water is sieved into the body through relevant organs, which
enhance the possibility of intaking or ingesting microplastics suspended in water. Thus
came the assumption of relating microplastic quantities in the water column to the one
found in mussels. Sri Racha Bay is one of the important green mussel (Perna viridis) farm-
ing areas using float rafting in Thailand. The average amount of microplastic in green
mussels was 0.15 ± 0.41 (45.63 items/Kg wet weight) and 0.22 ± 0.57 particles/individual
(70.16 items/Kg wet weight) in the dry and wet seasons, respectively. The level of mi-
croplastics in this study was relatively lower than those reported in other studies despite
using different methods for analyzing microplastics, such as those for green mussel (Perna
viridis) in Ban Don Bay [39]; blue mussel (Mytilus edulis) and Pacific oyster (Crassostrea
gigas) from the French Atlantic coast; green mussel in France [72]; and green mussel (Perna
viridis) from Phuket [40], as in Table 3. Interestingly, [73] found very high levels of contami-
nation with 34 to 178 items/individual in mussels in Canada, but their work was based on
visualization only.

Fiber formed the significant majority of microplastics found in mussel tissues. Con-
sistently with this finding, fibers were the dominant shape category of microplastics in
seawater and sediment at the same area. According to previous studies, fiber was the most
common shape in mussels [39,42,74–76].

In this work, black plastic was the most abundant and was found in all stations
in both seasons (Figure 2). The colorful microplastics were about half of them; red
ones were predominant (23.08%), followed by green (15.93%), and blue (8.79%). This
provides strong evidence of the anthropogenic origin of synthetic materials. The colorant
particles observed in this study can have principal sources from the degradation of
farming material, such as rope and gallon bottles, that serve as supports for green
mussel cultivation [77]. Moreover, colorful microplastics were simply observed by visual
inspection during the analysis. According to the color and size of microplastics, it is
potentially selected as food by filter-feeding bivalves. Due to varying in microplastic
size, i.e., nano- to microplastics, they can be mistaken as prey by various pelagic and
benthic marine organisms, including copepods [78], fish [79], and mussels [12]. The
abundance of microplastics can be attributed to fishery activities and plastic materials
widely used in mussel farms [73].

Considering the plastic types, PET was the dominant polymer type for all locations
except S5, where nylon was the most abundant. This observation is more convincing
in using different materials in green mussel farms along the coastal area. Addition-
ally, no evident influence on microplastic contents could be observed regarding the
sampling period.
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Table 2. Microplastic abundance in sea water and sediments in other studies.

Study Area
Mean Density (n/m3)

in Water
Mean Density (n/Kg D.W)

in Sediment
References

East China Sea 0.167 Zhao et al., 2014 [18]
Goiana Estuary, Brazil 0.026 Lima et al., 2014 [50]
Tamar Estuary, Southwest England 0.028 Sadri and Thompson, 2014 [51]
Sea of Japan 0.004 Isobe et al., 2015 [52]
Southern Sea of Korea 1.92–5.51 Kang et al., 2015 [63]
Northeastern of Qatar 0.71 Castillo et al., 2016 [80]
Tolo Harbor, Hongkong 0.65–13.08 Tsang et al., 2017 [48]
Coastal waters of Tuscany, Italy 0.26 Baini et al., 2018 [81]
Chaopraya River, Thailand 0.348 ± 0.16 Sukhsangchan et al., 2020 [35]

0.610 ± 0.36
Hainan, China 523 Lin et al., 2022 [49]
Tokyo Bay, Japan 1900 Matsuguma et al., 2017 [67]
Tunisian coast 130.55 ± 65.61 Jaouani et al., 2022 [66]
Gulf of Thailand 150.4 ± 86.2 Wang et al., 2020 [65]
Ban Don Bay, Thailand 0.63 ± 0.13 × 103 15–35 Chinfak et al., 2021 [39]

0.28 ± 0.07
Phuket (dry season) 300–900 Jiwarungrueangkul et al., 2021 [38]

(rainy season) 33–400
Sri Racha Bay, Thailand (dry season) 0.85 ± 0.25 48.30 ± 28.17 This study

(rainy season) 2.06 ± 1.78 69.35 ± 22.29

The statistical tests showed no significant differences between mussels related to the
sampling location, and the season. Without statistical basis, some light effects of sampling
locations could be evidenced. The anthropogenic pressures of the different sites did not
lead to different microplastic contaminations. Though, there is a tendency for a higher
number of particles in mussels at locations S4 and S5. Moreover, the contamination of
cultivated mussels could be explained by proximity to microplastics from the degradation
of plastic materials (PET, PE, PP, Nylon) used in aquaculture as collectors, ropes, nets, and
pipes used from the spat collection to on growing steps. However, there were no plastic
pellets (primary microplastic) in green mussels but some plastic pallets were found in
mussels [42,82].

The correlation between biodata (mussel wet weight, shell length, width length,
and gender) and quantities of microplastics had been investigated. There were only the
correlation between both the shell length and gender with the microplastic quantities even if
with low correlation (r = −0.009 p > 0.05 for weight; r = −0.062 p < 0.05 for length; r = −0.011
p > 0.05 for width; r = 0.154 p < 0.01 for gender). However, the shell length and weight, both
are not good indication of age because the growth of the organisms is depended on the
local environmental conditions, especially the water quality and the nutrient contents [83].
Many studies suggested no influence of mussel size on microplastic accumulation, such as
in mussel in French Atlantic coast [72]; Mediterranean Sea [74], North Sea coasts [24], and
blue mussels (Mytilus edulis) on the southwest coast of UK [84]. Otherwise, some previous
studies reported sizes of mussels related with microplastic accumulation in farmed and
wild mussels along coastal waters of China [42], and green mussels in Thailand [39]. This
contrast results might imply that the filtration and feeding rate are not only depended on
mussel sizes but also environment factors. Some evidence revealed the efficiency filtration
rate of mussels on its size, however filtration, ingestion and absorption also based on the
quantities of food in the water and organic contents in water [85]. Higher contents of food
(phytoplankton) and organic materials in the water will require lower filtration rates to
intake the maximum volume of food, and thus generates faster growth rates [86]. Low
salinities influenced from freshwater discharge into the sea sometimes caused a rapid high
nutrient loading and then mussel mortality. Salinity and bathymetry are considered to
be the important factors affecting the green mussel growth. Hence, our study suggests
that mussel shell length may be considered a more reliable indicator of filtration rate and
similar suggestion by [87].

483



Sustainability 2023, 15, 9

Table 3. Comparison of microplastics in aquatic organisms.

Study Area
Density

(Items/Ind.)
Species References

Nova Scotia, Canada 34–178 Mytilus edulis Mathalon and Hill, 2014 [73]
New Zealand 0–0.48 Perna canaliculus Webb et al., 2019 [88]
China 1.5–7.6 Mytilus edulis Li et al., 2016 [42]
Norway 1.5 (±2.3) Mytilus spp. Bråte et al., 2018 [89]
Mediterranean Sea 1.7–2 Mytilus galloprovincialis Digka et al., 2018 [90]
South Africa 3.4 Mytilus galloprovincialis Sparks, 2020 [76]

5.6 Choromytilus meridionalis
2.9 Aulyacoma ater

Ban Don Bay, Thailand 0.50 ± 0.06 Perna viridis Chinfak et al., 2021 [39]
0.13 ± 0.03 Meretrix lyrata Chinfak et al., 2021 [39]

Eastern Coast, Thailand 0.14 Fish Phaksopa et al., 2021 [31]
Phuket, Thailand 2.7–5.8 Perna viridis Cherdsukjai et al., 2022 [40]
Sri Racha Bay, Thailand 0.15 ± 0.41 Perna viridis This study

0.22 ± 0.57 Perna viridis This study

4.4. Dynamics of Microplastics in Sri Racha Bay

The correlation and the transfer path between microplastics in organisms and
their living environment are still not well understand. Therefore, we investigated
microplastic pollution in the water, sediments, and the mussels in Sri Racha Bay in
this study. Some examples of microplastic under the stereo-microscope are shown in
Figure 3. Around Sri Racha Bay, there are two types of green mussel culture, namely
bamboo-pole and raft culture. This area hosts a relatively moderate human population
and has industrial sources, unlike other coastal areas where microplastic abundance
has been reported. Sources of microplastics here included those transported through
river discharge (agriculture and municipal wastes) and sea-based activities (fisheries,
aquaculture, and tourism).

Microplastics were ubiquitous in all samples collected within our study area, reflect-
ing the microplastic pollution of the water and sediment of Sri Racha Bay. The results
indicate a low positive correlation between the microplastic abundance of water and
sediments with no statistical significance (r = 0.45, p > 0.05). This result is comparable
with the study by [91], which suggested no correlation between sediments and water
in Poyang Lake. However, the positive correlation in the present study suggests the
higher flow rate or sinking rate of microplastics in water and the tremendous potential of
sediments holding microplastics in the study area. A snapshot of microplastic pollution
level was not representative enough to reflect the overall situation of a whole season.
Repeated sampling for at least two years in the same spatial and temporal trends might
be needed to corroborate the conclusion.

The pollution levels of microplastics in the sea surface water, sediment, and biota
differed significantly. We found no significant correlation between the number of particles
in the sediments (waters) and those found within the mussels at our given sites and periods,
but did observe a tendency of positive correlation between number of particles in mussels
and particles in their surrounding sediment (water) samples (Figure 4.). Our findings were
comparable with those described by [92], who found significant correlations between the
abundance of microplastics in surface seawater and microplastics with mussel at sampling
sites on the coast of China. Therefore, we believe that microplastics may primarily originate
from land-based sources, including inputs from residential areas (e.g., garbage from food
packaging, fibers in clothing, and household waste) and farming activities (rope and
gallon bottles).
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(A) (B) 

Figure 4. The number of anthropogenic particles in green mussels compared to those in (A) the
overlying seawater (B) the sediment at coastal sites around Sri Racha Bay.

Fibers were the most widespread microplastics found across all environmental media
(water, sediment, and soft tissue of green mussels) in our study. Fishery and aquaculture
activities are considered potential sources of microplastics. Fishing gear and aquaculture
materials, such as plastic ropes, nets, and plastic gallon bottles, are commonly used in
this area. Fibers found in the bay may originate from the weathering or fragmentation of
these farming materials [2,18,93] or hygiene and cosmetics products and textiles. The bay
also received land-based microplastics via discharge, and we theorized that these might
be the main contributor to microplastic contamination. Moreover, tidal forcing controlled
the amount of microplastics in estuaries [39,93]. As shown in Figure 2, PE, PP, and nylon
were found in all surrounding living environments with different proportions. Otherwise,
PET, PP, and nylon were the majority of polymer types in green mussel. PE, PP, and
nylon are frequently used in aquaculture and fishery in this area. Nylon is usually used in
ropes, fishing nets, and cloth. PET and PE are widely used in food packaging, pipes, and
plastic containers. The similarity of microplastic compositions (shape and polymer types)
between surrounding water and mussels show evidence of the seawater–mussel transfer of
microplastics. Therefore, green mussel (Perna viridis) can be used as a good indicator for
microplastic pollution around this area.

The levels of microplastic in green mussels tend to be relate with their growing
area, considering with microplastic types in water and sediments, as pointed out in other
studies [42,82,94]. Most microplastics are less dense than seawater and tend to float at
the sea surface. One of the most common types of fiber is nylon, which is used for
cultivation materials and has negative or neutral buoyancy. Some pieces are taken up
by mussels and some sink into the mid-water column or towards the sediment [3,95].
The study area is a coastal area, which is dominated by tide. Therefore, the tidal current
causes fine marine debris on the tidal flat to be constantly suspended in the water column,
thereby increasing microplastic levels in seawater [96]. The suspended microplastics
in seawater may cause mussels to ingest and accumulate microplastics. Although the
level of microplastic contamination is comparable low, it is not claimed to undervalue
the potential health risks associated with the consumption of MP-contaminated mussels.
This provides basic information for a better understanding of the fate of microplastics
within an aquaculture area, and for management actions to address microplastics in this
area. Generally, an annual survey should be continued in order to monitor the level of
microplastic contamination.

5. Conclusions

To the best of our knowledge, this is the first study of microplastic distribution in the
surface water, sediment, and green mussels of the Sri Racha Bay, Thailand. Microplastics
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were found in all of the water, sediment, and shellfish samples. An abundance of microplas-
tics was found widely in the surface waters and ranged from 0.69 to 1.22 (with average of
0.85 ± 0.25 particles/m3) during the dry season and 0.57 to 5.04 items/m3 (with average
of 2.06 ± 1.78 particles/m3) during the wet season, indicating a medium pollution level
compared with other coastal area. In the sediments, the abundance ranged from 18.58 to
86.69 (with the average of 48.30 ± 28.17) during the dry season and 43.34 to 99.07 (with
the average of 69.35 ± 22.29) items/kg D.W. during the wet season. The concentration of
microplastics in green mussels varied from 0.15 ± 0.41 to 0.22 ± 0.57 items/individual, dur-
ing the dry and wet seasons, respectively, with an average of 0.19 ± 0.50 items/individual.
Microplastic abundance in green mussels is negatively correlated with shell length, imply-
ing that species with lower length are more likely to have a higher number of microplastics.
The microplastic abundance in water and sediments is not influenced by spatial and sea-
sonal variations, whereas the microplastic abundance is lower in the dry season. The
spatial trends suggest that microplastic abundance tends to be higher in the northern part.
Microplastics in the form of fibers and sheet were the dominant polymer shapes, originating
from the secondary microplastics. This study is the first report of microplastic pollution
in mussels, seawater, and sediments at the same location in this area. The microplastic
abundance in water and sediment is low compared to that which was reported for areas
with fewer activities. This should be an incentive for early action to prevent microplastic
contamination in Sri Racha Bay from becoming more severe.

Author Contributions: Conceptualization, methodology, data curation, J.P. and R.S.; sample collection,
R.S., R.K., K.T. and B.A.; investigation, R.S., R.K. and K.T.; writing—original draft, writing—review
and editing, J.P., R.S., S.W. and T.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Acknowledgments: The authors would like to thank Sriracha Fisheries Research Station staff for
green mussel samples. This work was kindly supported by PTT Global Chemical. We appreciate the
provision of Department of Marine Science, Faculty of Fisheries, Kasetsart University. The authors
also would like to acknowledge Combating Marine Debris Laboratory members from the Department
of Marine Science, Faculty of Fisheries, Kasetsart University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ryan, P.G.; Moore, C.J.; Van Franeker, J.A.; Moloney, C.L. Monitoring the abundance of plastic debris in the marine environment.
Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1999–2012. [CrossRef] [PubMed]

2. Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596–1605. [CrossRef] [PubMed]
3. Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants in the marine environment: A review. Mar.

Pollut. Bull. 2011, 62, 2588–2597. [CrossRef] [PubMed]
4. Gewert, B.; Ogonowski, M.; Barth, A.; MacLeod, M. Abundance and composition of near surface microplastics and plastic debris

in the Stockholm Archipelago, Baltic Sea. Mar. Pollut. Bull. 2017, 120, 292–302. [CrossRef]
5. Naji, A.; Esmaili, Z.; Khan, F.R. Plastic debris and microplastics along the beaches of the Strait of Hormuz, Persian Gulf. Mar.

Pollut. Bull. 2017, 114, 1057–1062. [CrossRef]
6. Robin, R.S.; Karthik, R.; Purvaja, R.; Ganguly, D.; Anandavelu, I.; Mugilarasan, M.; Ramesh, R. Holistic assessment of microplastics

in various coastal environmental matrices, southwest coast of India. Sci. Total Env. 2020, 703, 134947. [CrossRef]
7. Moore, C.J. Synthetic polymers in the marine environment: A rapidly increasing, long-term threat. Environ. Res. 2008,

108, 131–139. [CrossRef]
8. Andrady, A.L. The plastic in microplastics: A review. Mar. Pollut. Bull. 2017, 119, 12–22. [CrossRef]
9. Prunier, J.; Maurice, L.; Perez, E.; Gigault, J.; Pierson-Wickmann, A.; Davranche, M.; Ter Halle, A. Trace metals in polyethylene

debris from the North Atlantic subtropical gyre. Environ. Pollut. 2019, 245, 371–379. [CrossRef]
10. Massos, A.; Turner, A. Cadmium, lead and bromine in beached microplastics. Environ. Pollut. 2017, 227, 139–145. [CrossRef]

486



Sustainability 2023, 15, 9

11. Li, H.; Wang, F.; Li, J.; Deng, S.; Zhang, S. Adsorption of three pesticides on polyethylene microplastics in aqueous solutions:
Kinetics, isotherms, thermodynamics, and molecular dynamics simulation. Chemosphere 2021, 264, 128556. [CrossRef] [PubMed]

12. Browne, M.A.; Dissanayake, A.; Galloway, T.S.; Lowe, D.M.; Thompson, R.C. Ingested microscopic plastic translocate to the
circulatory system of the mussel, Mytilus edulis (L.). Env. Sci. Tech. 2008, 42, 5026–5031. [CrossRef] [PubMed]

13. Browne, M.A.; Niven, S.J.; Galloway, T.S.; Rowland, S.J.; Thompson, R.C. Microplastic moves pollutants and additives to worms,
reducing functions linked to health and biodiversity. Curr. Biol. 2013, 23, 2388–2392. [CrossRef] [PubMed]

14. Rochman, C.M.; Hoh, E.; Kurobe, T.; Teh, S.J. The Ingested plastic transfers hazardous chemicals to fish and induces hepatic stress.
Sci. Rep. 2013, 3, 3263. [CrossRef]

15. Wright, S.L.; Frank, J.; Kelly, F.J. Plastic and human health: A micro issue? Environ. Sci. Technol. 2017, 51, 6634–6647. [CrossRef] [PubMed]
16. Prinz, N.; Korez, Š. Understanding How microplastics affect marine biota on the cellular level is important for assessing ecosystem

function: A review. In YOUMARES 9-The Oceans: Our Research, Our Future; Jungblut, S., Liebich, V., Bode-Dalby, M., Eds.;
Springer: Cham, Switzerland, 2020; pp. 101–120.

17. Doyle, M.; Watson, W.; Bowlin, N.; Sheavly, S. Plastic particles in coastal pelagic ecosystems of the Northeast Pacific ocean. Mar.
Environ. Res. 2011, 71, 41–52. [CrossRef]

18. Zhao, S.; Zhu, L.; Wang, T.; Li, D. Suspended microplastics in the surface water of the Yangtze Estuary System, China: First
observations on occurrence, distribution. Mar. Pollut. Bull. 2014, 86, 562–568. [CrossRef]

19. Aytan, U.; Valente, A.; Senturk, Y.; Usta, R.; Sahin, F.B.E.; Mazlum, R.E.; Agirbas, E. First evaluation of neustonic microplastics in
Black Sea waters. Mar. Env. Res. 2016, 119, 22–30. [CrossRef]

20. Jiang, Y.; Zhao, Y.; Wang, X.; Yang, F.; Chen, M.; Wang, J. Characterization of microplastics in the surface seawater of the South
Yellow Sea as affected by season. Sci. Total Env. 2020, 724, 138375. [CrossRef]

21. Zainuddin, A.H.; Aris, A.Z.; Zaki, M.R.M.; Yusoff, F.M.; Wee, S.Y. Occurrence, potential sources and ecological risk estimation of
microplastic towards coastal and estuarine zones in Malaysia. Mar. Pollut. Bull. 2022, 174, 113282. [CrossRef]

22. Jiang, Y.; Yang, F.; Ul Hassan Kazmi, S.S.; Zhao, Y.; Chen, M.; Wang, J. A review of microplastic pollution in seawater, sediments
and organisms of the Chinese coastal and marginal seas. Chemosphere 2022, 286 Pt 1, 131677. [CrossRef] [PubMed]

23. Vianello, A.; Boldrin, A.; Guerriero, P.; Moschino, V.; Rella, R.; Sturaro, A.; Da Ros, L. Microplastic particles in sediments of lagoon of
Venice, Italy: First observations on occurrence, spatial patterns and identification. Estuar. Coast. Shelf Sci. 2013, 130, 54–61. [CrossRef]

24. Vandermeersch, G.; van Cauwenberghe, L.; Janssen, C.R.; Marques, A.; Granby, K.; Fait, G.; Kotterman, M.J.; Diogène, J.; Bekaert,
K.; Robbens, J.; et al. A critical view on microplastic quantification in aquatic organisms. Environ. Res. 2015, 143 Pt B, 46–55.
[CrossRef] [PubMed]

25. Khoironi, A.; Hadiyanto, H.; Anggoro, S.; Sudarno, S. Evaluation of polypropylene plastic degradation and microplastic identification
in sediments at tambak lorok coastal area, Semarang Indonesia. Mar. Pollut. Bull. 2020, 151, 110868. [CrossRef] [PubMed]

26. Wright, S.L.; Thompson, R.C.; Galloway, T.S. The physical impacts of microplastics on marine organisms: A review. Environ.
Pollut. 2013, 178, 483–492. [CrossRef] [PubMed]

27. Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, J.; Galloway, T.S. Microplastic ingestion by zooplankton.
Environ. Sci. Technol. 2013, 47, 6646–6655. [CrossRef]

28. Van Cauwenberghe, L.; Janssen, C.R. Microplastics in bivalves cultured for human consumption. Environ. Pollut. 2014,
193, 65–70. [CrossRef]

29. Jabeen, K.; Su, L.; Li, J.; Yang, D.; Tong, C.; Mu, J.; Shi, H. Microplastics and mesoplastics in fish from coastal and fresh waters of
China. Environ. Pollut. 2017, 221, 141–149. [CrossRef]

30. Costa, E.; Piazza, V.; Lavorano, S.; Faimali, M.; Garaventa, F.; Gambardella, C. Trophic transfer of microplastics from copepods to
jellyfish in the marine environment. Front. Environ. Sci. 2020, 8, 158. [CrossRef]

31. Phaksopa, J.; Sukhsangchan, R.; Keawsang, R.; Tanapivattanakul, K.; Thamrongnawasawat, T.; Worachananant, S.; Sreesamran,
P. Presence and Characterization of Microplastics in Coastal Fish around the Eastern Coast of Thailand. Sustainability 2021,
13, 13110. [CrossRef]

32. Kibria, G.; Nugegoda, D.; Haroon, A.K.Y. Microplastic pollution and contamination of seafood (including fish, sharks, mussels,
oysters, shrimps and seaweeds): A global overview. In Microplastic Pollution Emerging Contaminants and Associated Treatment
Technologies; Hashmi, M.Z., Ed.; Springer Nature: Cham, Switzerland, 2022; pp. 277–322.

33. Farrell, P.; Nelson, K. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.). Environ. Pollut. 2013, 177,
1–3. [CrossRef] [PubMed]

34. Setälä, O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and transfer of microplastics in the planktonic food web. Environ.
Pollut. 2014, 185, 77–83. [CrossRef] [PubMed]

35. Sukhsangchan, R.; Keawsang, R.; Worachananant, S.; Thamrongnawasawat, T.; Phaksopa, J. Suspended microplastics during a
tidal cycle in sea-surface waters around Chao Phraya River mouth, Thailand. ScienceAsia 2020, 46, 724–733. [CrossRef]

36. Pradit, S.; Towatana, P.; Nitiratsuwan, T.; Jualaong, S.; Jirajarus, M.; Sornplang, K.; Noppradit, P.; Darakai, Y. Occurrence of
microplastics on beach sediment at Libong, a pristine island in Andaman Sea, Thailand. ScienceAsia 2020, 46, 336–343. [CrossRef]

37. Jualaong, S.; Pransilpa, M.; Pradit, S.; Towatana, P. Type and Distribution of Microplastics in Beach Sediment along the Coast of
the Eastern Gulf of Thailand. J. Mar. Sci. Eng. 2021, 9, 1405. [CrossRef]

38. Jiwarungrueangkul, T.; Phaksopa, J.; Sompongchaiyakul, P.; Tipmanee, D. Seasonal microplastic variations in estuarine sediments from
urban canal on the west coast of Thailand: A case study in Phuket province. Mar. Pollut. Bull. 2021, 68, 112452. [CrossRef] [PubMed]

487



Sustainability 2023, 15, 9

39. Chinfak, N.; Sompongchaiyakul, P.; Charoenpong, C.; Shi, H.; Yeemin, T.; Zhang, J. Abundance, composition, and fate of
microplastics in water, sediment, and shellfish in the Tapi-Phumduang River system and Bandon Bay, Thailand. Sci. Total Env.
2021, 781, 146700. [CrossRef] [PubMed]

40. Cherdsukjai, P.; Vongpanich, V.; Akkajit, P. Preliminary Study and First Evidence of Presence of Microplastics in Green Mussel,
Perna viridis from Phuket. App. Env. Res. 2022, 44, 28–41. [CrossRef]

41. Argamino, C.R.; Janairo, J.I.B. Qualitative assessment and management of micro-plastics in Asian green mussels (Perna viridis)
cultured in Bacoor Bay, Cavite, Phillipine. EnvironmentAsia 2016, 9, 48–54.

42. Li, J.; Qu, X.; Su, L.; Zhang, W.; Yang, D.; Kolandhasamy, P.; Li, D.; Shi, H. Microplastics in mussels along the coastal waters of
China. Environ. Pollut. 2016, 214, 177–184. [CrossRef]

43. Li, J.; Lusher, A.L.; Rotchell, J.M.; Deudero, S.; Turra, A.; Bråte, I.L.N.; Sun, C.; Hossain, M.S.; Li, Q.; Kolandhasamy, P.; et al. Using
mussel as a global bioindicator of coastal microplastic pollution. Environ. Pollut. 2019, 244, 522–533. [CrossRef] [PubMed]

44. Cholumpai, V.; Kachanopas-Barnette, P.; Tubmeka, S.; Wu, R.S.S. Contamination of Cadmium and Mercury along the East Coast
of the Gulf of Thailand: A Comparative Study Using the Green Mussel (Perna viridis), Artificial Mussel, Water and Sediment. Am.
Acad. Sci. Res. J. Eng. Tech. Sci. 2020, 73, 61–75.

45. Peng-ngeiw, P.; Jaritkhuan, S.; Tunkijjanukij, S. Effect of Green Mussel Raft Culture to Total Organic Matter (TOM) and Flux of
Dissolved Inorganic Nitrogen (DIN) in Sriracha Bay, Chon Buri Province. Burapha Sci. J. 2021, 26, 270–284.

46. Lamsawat, P.; Phaksopa, J.; Sojisuporn, P. Tracking of Floating Objects in the Area of Chao Phraya River Mouth by Using
Numerical Model. Burapha Sci. J. 2022, 25, 953–967.

47. Masura, J.; Baker, J.; Foster, G.; Arthur, C. Laboratory Methods for the Analysis of Microplastics in the Marine Environment: Recommen-
dations for Quantifying Synthetic Particles in Waters and Sediments; NOAA Technical Memorandum NOS-OR&R-48; NOAA: Silver
Spring, MD, USA, 2015; pp. 1–39.

48. Tsang, Y.Y.; Mak, C.W.; Liebich, C.; Lam, S.W.; Sze, E.T.-P.; Chan, K.M. Microplastic pollution in the marine waters and sediments
of Hong Kong. Mar. Pollut. Bull. 2017, 115, 20–28. [CrossRef]

49. Lin, F.; Zhang, Q.; Xie, J.; Lin, Y.; Chen, Y.; Mao, K.; Qin, Y.; Diao, X. Microplastics in biota and surface seawater from tropical
aquaculture area in Hainan, China. Gondwana Res. 2022, 108, 41–48. [CrossRef]

50. Lima, A.R.A.; Costa, M.F.; Barletta, M. Distribution patterns of microplastics within the plankton of a tropical estuary. Environ.
Res. 2014, 132, 146–155. [CrossRef]

51. Sadri, S.S.; Thompson, R.C. On the quantity and composition of floating plastic debris entering and leaving the Tamar Estuary,
Southwest England. Mar. Pollut. Bull. 2014, 81, 55–60. [CrossRef]

52. Isobe, A.; Uchida, K.; Tokai, T.; Iwasaki, S. East Asian seas: A hot spot of pelagic microplastics. Mar. Pollut. Bull. 2015,
101, 618–623. [CrossRef]

53. Campanale, C.; Stock, F.; Massarelli, C.; Kochleus, C.; Bagnuolo, G.; Reifferscheid, G.; Uricchio, V.F. Microplastics and their
possible sources: The example of Ofanto river in southeast Italy. Environ. Pollut. 2020, 258, 113284. [CrossRef]

54. Malli, A.; Corella-Puertas, E.; Hajjar, C.; Boulay, A.M. Transport mechanisms and fate of microplastics in estuarine compartments:
A review. Mar. Pollut. Bull. 2022, 177, 113553. [CrossRef] [PubMed]

55. Barnes, D.K.; Galgani, F.; Thompson, R.C.; Barlaz, M. Accumulation and fragmentation of plastic debris in global environments.
Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1985–1998. [CrossRef] [PubMed]

56. Eerkes-Medrano, D.; Thompson, R.C.; Aldridge, D.C. Microplastics in freshwater systems: A review of the emerging threats,
identification of knowledge gaps and prioritisation of research needs. Water Res. 2015, 75, 63–82. [CrossRef] [PubMed]

57. Higuchi, M.; Anongponyoskun, M.; Phaksopa, J.; Onishi, H. Influence of monsoon-forced Ekman transport on sea surface height
in the Gulf of Thailand. Agri. Nat. Res. 2022, 54, 205–210.

58. Kim, I.S.; Chae, D.H.; Kim, S.K.; Choi, S.; Woo, S.B. Factors influencing the spatial variation of microplastics on high-tidal coastal
beaches in Korea. Arch. Environ. Contam. Toxicol. 2015, 69, 299–309. [CrossRef]

59. Aliabad, M.K.; Nassiri, M.; Kor, K. Microplastics in the surface seawaters of Chabahar Bay, Gulf of Oman (Makran coasts). Mar.
Pollut. Bull. 2019, 143, 125–133. [CrossRef]

60. Zheng, Y.; Li, J.; Cao, W.; Liu, X.; Jiang, F.; Ding, J.; Yin, X.; Sun, C. Distribution characteristics of microplastics in the seawater and
sediment: A case study in Jiaozhou Bay, China. Sci. Total Environ. 2019, 674, 27–35. [CrossRef] [PubMed]

61. Wei, Y.; Ma, W.; Xu, Q.; Sun, C.; Wang, X.; Gao, F. Microplastic Distribution and Influence Factor Analysis of Seawater and
Surface Sediments in a Typical Bay with Diverse Functional Areas: A Case Study in Xincun Lagoon, China. Front. Env. Sci. 2022,
10, 1–10. [CrossRef]

62. Su, L.; Xue, Y.; Li, L.; Yang, D.; Kolandhasamy, P.; Li, D.; Shi, H. Microplastics in Taihu lake, China. Environ. Pollut. 2016,
216, 711–719. [CrossRef]

63. Kang, J.H.; Kwon, O.Y.; Lee, K.W.; Song, Y.K.; Shim, W.J. Marine neustonic microplastics around the southeastern coast of Korea.
Mar. Pollut. Bull. 2015, 96, 304–312. [CrossRef]

64. Krelling, A.P.; Souza, M.M.; Williams, A.T.; Turra, A. Transboundary movement of marine litter in an estuarine gradient:
Evaluating sources and sinks using hydrodynamic modelling and ground truthing estimates. Mar. Pollut. Bull. 2017, 119, 48–63.
[CrossRef] [PubMed]

65. Wang, Y.; Zou, X.; Peng, C.; Qiao, S.; Wang, T.; Yu, W.; Khokiattiwong, S.; Kornkanitnan, N. Occurrence and distribution of
microplastics in surface sediments from the Gulf of Thailand. Mar. Pollut. Bull. 2020, 152, 110916. [CrossRef] [PubMed]

488



Sustainability 2023, 15, 9

66. Jaouani, R.; Mouneyrac, C.; Châtel, A.; Amiard, F.; Dellali, M.; Beyrem, H.; Michelet, A.; Lagarde, F. Seasonal and spatial
distribution of microplastics in sediments by FTIR imaging throughout a continuum lake-lagoon-beach from the Tunisian coast.
Sci. Total Env. 2022, 838 Pt 4, 156519. [CrossRef] [PubMed]

67. Matsuguma, Y.; Takada, H.; Kumata, H.; Kanke, H.; Sakurai, S.; Suzuki, T.; Itoh, M.; Okazaki, Y.; Boonyatumanond, R.; Zakaria,
M.P.; et al. Microplastics in sediment cores from Asia and Africa as indicators of temporal trends in plastic pollution. Arch.
Environ. Con. Tox. 2017, 73, 230–239. [CrossRef] [PubMed]

68. Murray, F.; Cowie, P.R. Plastic contamination in the decapod crustacean Nephrops Norvegicus (Linnaeus, 1758). Mar. Pollut. Bull.
2011, 62, 1207–1217. [CrossRef] [PubMed]

69. Coppock, R.L.; Lindeque, P.K.; Cole, M.; Galloway, T.S.; Näkki, P.; Birgani, H.; Richards, S.; Queirós, A.M. Benthic fauna contribute
to microplastic sequestration in coastal sediments. J. Hazard. Mater. 2021, 415, 125583. [CrossRef]

70. Vichkovitten, T.; Intarachart, A.; Khaodon, K. Impact of Green Mussel (Perna Viridis) Raft-Culture on Benthic Environment in
Sriracha Coastal Water, Thailand. GMSARN Int. J. 2017, 11, 116–122.

71. Luesiri, M.; Boonsanit, P.; Lirdwitayaprasit, T.; Pairohakul, S. Filtration rates of the green-lipped mussel Perna viridis (Linnaeus,
1758) exposed to high concentration of suspended particles. ScienceAsia 2022, 48, 452–458. [CrossRef]

72. Phuong, N.N.; Poirier, L.; Pham, Q.T.; Lagarde, F.; Zalouk-Vergnoux, A. Factors influencing the microplastic contamination of
bivalves from the French Atlantic coast: Location, season and/or mode of life? Mar. Pollut. Bull. 2018, 129, 664–674. [CrossRef]

73. Mathalon, A.; Hill, P. Microplastic fibers in the intertidal ecosystem surrounding Halifax Harbor, Nova Scotia. Mar. Pollut. Bull.
2014, 81, 69–79. [CrossRef]

74. De Witte, B.; Devriese, L.; Bekaert, K.; Hoffman, S.; Vandermeersch, G.; Cooreman, K.; Robbens, J. Quality assessment of the blue
mussel (Mytilus edulis): Comparison between commercial and wild types. Mar. Pollut. Bull. 2014, 85, 146–155. [CrossRef] [PubMed]

75. Naidu, S.A. Preliminary study and first evidence of presence of microplastics and colorants in green mussel, Perna viridis
(Linnaeus, 1758), from southeast coast of India. Mar. Pollut. Bull. 2019, 140, 416–422.

76. Sparks, C. Microplastics in Mussels Along the Coast of Cape Town, South Africa. Bull. Environ. Contam. Toxicol. 2020,
104, 423–431. [CrossRef]

77. Castro, R.O.; Silva, M.L.; Marques, M.R.C.; de Araújo, F.V. Evaluation of microplastics in Jurujuba Cove, Niterói, RJ, Brazil, an
area of mussels farming. Mar. Pollut. Bull. 2016, 110, 555–558. [CrossRef]

78. Lee, K.W.; Shim, W.J.; Kwon, O.Y.; Kang, J.H. Size-dependent effects of micro polystyrene particles in the marine copepod
Tigriopus japonicus. Env. Sci. Tech. 2013, 47, 11278–11283. [CrossRef] [PubMed]

79. Ory, N.C.; Sobral, P.; Ferreira, J.L.; Thiel, M. Amberstripe scad Decapterus muroadsi (Carangidae) fish ingest blue microplastics
resembling their copepod prey along the coast of Rapa Nui (Easter Island) in the South Pacific subtropical gyre. Sci. Total Env.
2017, 586, 430–437. [CrossRef]

80. Castillo, A.B.; Al-Maslamani, I.; Obbard, J.P. Prevalence of microplastics in the marine waters of Qatar. Mar. Pollut. Bull. 2016,
111, 260–267. [CrossRef]

81. Baini, M.; Fossi, M.C.; Galli, M.; Caliani, I.; Campani, T.; Finoia, M.G.; Panti, C. Abundance and characterization of microplastics
in the coastal waters of Tuscany (Italy): The application of the MSFD monitoring protocol in the Mediterranean Sea. Mar. Pollut.
Bull. 2018, 133, 543–552. [CrossRef]

82. Li, J.; Yang, D.; Li, L.; Shi, H. Microplastics in commercial bivalves from China. Environ. Pollut. 2015, 207, 190–195. [CrossRef]
83. Gosling, E.M. Bivalve Molluscs: Biology, Ecology and Culture; Fishing News Books: Oxford, UK, 2003; p. 443.
84. Scott, N.; Porter, A.; Santillo, D.; Simpson, H.; Lloyd-Williams, S.; Lewis, C. Particle characteristics of microplastics contaminating

the mussel Mytilus edulis and their surrounding environments. Mar. Pollut. Bull. 2019, 146, 125–133. [CrossRef]
85. Wong, W.; Cheung, S. Seasonal variation in the feeding physiology and scope for growth of green mussels, Perna viridis in

estuarine Ma Wan, Hong Kong. J. Mar. Bio. Ass. UK 2003, 83, 543–552. [CrossRef]
86. Hawkins, A.J.S.; Smith, R.F.M.; Tan, S.H.; Yasinm, Z.B. Suspension-feeding behaviour in tropical bivalve molluscs: Perna viridis,

Crassostrea belcheri, Crassostrea iradelei, Saccostrea cucculata and Pinctada margarifera. Mar. Ecol. Prog. Ser. 1998, 166, 173–185. [CrossRef]
87. Riisgård, H.U.; Larsen, P.S.; Pleissner, D. Allometric equations for maximum filtration rate in blue mussels Mytilus edulis and

importance of condition index. Helgol. Mar. Res. 2014, 68, 193–198. [CrossRef]
88. Webb, S.; Ruffell, H.; Marsden, I.; Pantos, O.; Gaw, S. Microplastics in the New Zealand green lipped mussel Perna canaliculus.

Mar. Pollut. Bull. 2019, 149, 110641. [CrossRef]
89. Bråte, I.L.N.; Hurley, R.; Iversen, K.; Beyer, J.; Thomas, K.V.; Steindal, C.C.; Green, N.W.; Olsen, M.; Lusher, A. Mytilus spp. as

sentinels for monitoring microplastic pollution in Norwegian coastal waters: A qualitative and quantitative study. Env. Pollut.
2018, 243, 383–393. [CrossRef]

90. Digka, N.; Tsangaris, C.; Torre, M.; Anastasopoulou, A.; Zeri, C. Microplastics in mussels and fish from the Northern Ionian Sea.
Mar. Pollut. Bull. 2018, 135, 30–40. [CrossRef]

91. Yuan, W.; Liu, X.; Wang, W.; Di, M.; Wang, J. Microplastic abundance, distribution and composition in water, sediments, and wild
fish from Poyang Lake, China. Ecotoxicol. Environ. Saf. 2019, 170, 180–187. [CrossRef]

92. Qu, X.; Su, L.; Li, H.; Liang, M.; Shi, H. Assessing the relationship between the abundance and properties of microplastics in
water and in mussels. Sci. Total Environ. 2018, 621, 679–686. [CrossRef]

93. Browne, M.A.; Crump, P.; Niven, S.J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. Accumulation of microplastic on
shorelines woldwide: Sources and sinks. Env. Sci. Tech. 2011, 45, 9175–9179. [CrossRef]

489



Sustainability 2023, 15, 9

94. Van Cauwenberghe, L.; Devriese, L.; Galgani, F.; Robbens, J.; Janssen, C.R. Microplastics in sediments: A review of techniques,
occurrence and effects. Mar. Environ. Res. 2015, 111, 5–17. [CrossRef]

95. Andrady, A.L. Persistence of plastic litter in the oceans. In Marine Anthropogenic Litter; Springer: Cham, Switzerland, 2015; pp. 57–72.
96. Cho, Y.; Shim, W.J.; Jang, M.; Han, G.M.; Hong, S.H. Abundance and characteristics of microplastics in market bivalves from

South Korea. Env. Poll. 2019, 245, 1107–1116. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

490



Citation: Gu, J.; Chen, L.; Wan, Y.;

Teng, Y.; Yan, S.; Hu, L. Experimental

Investigation of Water-Retaining and

Unsaturated Infiltration

Characteristics of Loess Soils Imbued

with Microplastics. Sustainability

2023, 15, 62. https://doi.org/

10.3390/su15010062

Academic Editors: Grigorios

L. Kyriakopoulos, Vassilis

J. Inglezakis, Antonis A. Zorpas and

María Rocío Rodríguez Barroso

Received: 22 October 2022

Revised: 30 November 2022

Accepted: 13 December 2022

Published: 21 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Experimental Investigation of Water-Retaining and Unsaturated
Infiltration Characteristics of Loess Soils Imbued
with Microplastics

Jiahui Gu 1,2, Liang Chen 1,2, Yu Wan 1,2,*, Yaozong Teng 1,2, Shufa Yan 1,2 and Liang Hu 1,2

1 School of Civil Engineering and Transportation, Hohai University, Nanjing 210098, China
2 Key Laboratory of Geomechanics and Embankment Engineering, Hohai University, Nanjing 210098, China
* Correspondence: wy0209@hhu.edu.cn; Tel.: +86-183-0517-6096

Abstract: Microplastics are abundant in agricultural soils and have significant impacts on rainfall
infiltration and soil water-retaining capacity. To explore the effect of microplastics on agricultural
soil permeability by simulating the rainfall irrigation process, a one-dimensional vertical soil column
rainfall infiltration test device was used to study the unsaturated infiltration characteristics of loess soil
imbued with microplastics under rainfall conditions. The following conclusions could be obtained:
the microplastic content (q), the microplastic particle size (p), and the soil density (γ) have effects on
rainfall infiltration; the soil water-retaining capacity would be weakened owing to the existence of
microplastics; and intermittent rainfall is preferred in agricultural irrigation. Finally, the permeability
coefficient (k) and average flow rate (V) of the unsaturated soil are deduced together, and the
relationship between the permeability coefficient (k) and the matrix suction (ψ) of the unsaturated
loess soil containing microplastics is calculated by an example, proving good consistency between the
experimental results and theoretical calculations. Microplastics represent negative effects on rainfall
infiltration and soil water retention, so it is recommended to dispose of them.

Keywords: rainfall infiltration; water-retaining; loess soils; microplastics; volumetric moisture con-
tent; permeability coefficient

1. Introduction

As a new type of pollutant found globally, microplastics are distributed from ocean
to land, even at the North and South Poles [1]. Studies have shown that microplastics
can change soil properties and impact plant growth [2]. Several studies have suggested
that more microplastics exist on land than in the ocean [3,4] and that microplastics are
imported from land to the ocean [5–7]. The sources of microplastics in agricultural soil
are diverse and include the employment of plastic film and mulch, crop planting and
fertilizing, irrigation water, the utilization of sludge, and atmospheric deposition [8–10].
The agricultural soil moisture cycle generally refers to the migration and transformation of
rainwater, irrigation water, and steam water in unsaturated soil regions above groundwater.
Microplastics are characterized by their small size, strong hydrophobicity, and relatively
stable properties. Their enrichment in soil participates in the water cycle of agricultural
soil and affects the water-retaining and unsaturated infiltration of agricultural soil, which
directly affects the usage of water resources and plant growth, especially in areas affected
by soil erosion [11–13]. As the soil type with the largest distribution area on the Loess
Plateau, loess soil areas are experiencing the most serious soil erosion in China, and the
change in their water-retaining ability and water permeability is of great importance for
crop yields. Water resources are very significant in these areas, and it is of great necessity
to make full use of rain.

Currently, research on microplastics has focused on microplastic traceability [14–17],
microplastic distribution [18–20], microplastic transportation mechanisms [21–25], mi-
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croplastic enrichment principles [14,17,26,27], and microplastic management methods [28–32].
There are few studies on the effects of microplastics on soil water-retaining ability and
water permeability, and most have focused on measuring the coefficient of permeability by
the hydrostatic head method, which reflects the change in soil water permeability in the
presence or absence of microplastics [11]. However, the coefficient of permeability obtained
by the hydrostatic head method represents the permeability coefficient of saturated soil;
agricultural soil is normally in an unsaturated state, and the hydrostatic head method
cannot reflect the changing water permeability and water-retaining ability of agricultural
soil during the infiltration process [33,34]. Meanwhile, rainfall infiltration of soil is an
unsaturated process, and the factors affecting rainfall infiltration embrace two aspects. One
is rainfall conditions, such as rainfall type, intensity, and duration. The other is soil proper-
ties, such as soil type, infiltration characteristics, and initial moisture content [35,36]. With
regard to the abundance of microplastics, studies on rainfall infiltration and the unsaturated
permeability coefficient curves of soils containing microplastics are still lacking.

This study takes loess soils as the research object to explore the water-retaining and
unsaturated infiltration characteristics of soil imbued with microplastics under rainfall
conditions. To simulate the rainfall irrigation process, experiments based on the wetting
front advancing method employ a one-dimensional vertical soil column rainfall infiltration
test device to study the influence of the microplastic content (q), microplastic particle size
(p), soil bulk density (γ), and intermittent rainfall ratio (i) on loess soil rainfall infiltration by
analyzing the infiltration rate (λ), cumulative infiltration amount (Q), wetting peak depth
(H), and average conductivity (C). The change law of volumetric moisture content (θ) at
monitoring points could reflect soil water-retaining ability. Combined with the effective
fitting of the power function of the wet peak bulk density advancing curve, the permeability
coefficient (k) and average flow rate (V) of the unsaturated soil are deduced together and
the relationship between the permeability coefficient (k) and the matrix suction (ψ) of the
unsaturated loess soil with microplastics is calculated by an example.

2. Materials and Test Methods

2.1. Materials

Loess soils are weakly developed soils and easily damaged. Loess soils are typical
soils of the Loess Plateau. Particle size distribution analyses carried out on the studied
sample reveal the following composition: 75.15% sand (particle size range 0.02~2 mm),
19.32% silt (particle size range 0.002~0.02 mm), and 5.53% clay (particle size range less
than 0.002 mm) according to the international classification system of soil texture. The
grain-size distribution curve is in A1 of the Appendix A. The maximum dry density and
the minimum dry density of selected loess soil in the Shanbei area were 1.8 g/cm3 and
1.5 g/cm3 as measured by experiments. White spherical polystyrene plastics with good
sorting and stability were used as microplastics for testing. The density of the spherical
polystyrene plastics was 1.06 g/cm3, with a particle size deviation of less than 10%.

The one-dimensional vertical rainfall infiltration device consists of 4 parts, as shown
in Figure 1a: a soil column, rainfall system (a peristaltic pump and a rainmaker), rainfall
control system (a marsh flask), and data-acquisition equipment (EC-5 soil moisture sensors
and a MIK-R9600 paperless recorder). A 140 mm inner diameter, 150 mm external diameter,
295 mm high plexiglass column was used as a container for the soil samples. A drainage
port was set at the lower end of the one-dimensional vertical soil column to facilitate
drainage. A peristaltic pump was used to regulate the amount of water entering the
rainmaker to control rainfall intensity. A rainmaker was employed to create even rainfall.
Four EC-5 soil moisture sensors were inserted into the soil column to monitor the volumetric
water content θ or conductivity of the soil over time. The soil moisture sensors were
numbered #4, #3, #2, and #1 from the top to the bottom of the soil column. The generation
of surface runoff occurred in the later period of rainfall. The tensiometers were employed
to measure the soil matric suction (ψ). All data were recorded by the MIK-R9600 paperless
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recorder automatically. The apparatus structure diagram of the rainfall infiltration test
device is shown in Figure 1b.

Figure 1. Experimental apparatus: (a) photograph; (b) schematic.

2.2. Test Scheme and Experiment Procedure

The study designed 13 sets of experiments with different microplastic content (q),
microplastic particle size (p), soil bulk density (γ), and intermittent rainfall ratio (i) and the
test scheme is shown below (Table 1). The rainfall intensity was set to 20 mm/h, which
referred to the real rainfall situation in the local area, the same as the rain interval ratio (i).
The i values were set to 1:2, 1:1, and 2:1, with 30 min for rain and 60 min for rest, 30 min for
rain and 30 min for rest, and 60 min for rain and 30 min for rest, respectively.

Table 1. Test scheme.

No
Rain Interval Ratio Soil Bulk Density Microplastic Content

Microplastic
Particle Size

i γ (g/cm3) q (%) p (μm)

1 \ 1.57 0.00 5
2 \ 1.57 0.05 5
3 \ 1.57 0.10 5
4 \ 1.57 0.25 5
5 \ 1.57 0.50 5
6 \ 1.57 0.25 3
7 \ 1.57 0.25 8
8 \ 1.61 0.25 5
9 \ 1.65 0.25 5

10 \ 1.73 0.25 5
11 1:2 1.57 0.25 5
12 1:1 1.57 0.25 5
13 2:1 1.57 0.25 5

The study assessed the influence of the 4 parameters above by analyzing the infiltration
rate (λ), cumulative infiltration amount (Q), wetting peak height (H), and the change law
of volumetric moisture content (θ) at monitoring points. The procedure includes 4 parts:

(1) Prepare the device and fill the column with loess.
(2) Ensure the rain interval ratio and adjust the rainfall system and the rainfall control system.
(3) Strat the experiment until soil enters the saturated infiltration stage.
(4) Collect data and undertake analysis.

2.3. Device Preparation

The density flotation method was used to wash the soil sample many times before the
experiments to remove microplastics that had already been present in the soil sample began,
and then the sample was dried. Invasive substances, such as litter and plant rhizomes in
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the soil sample, were removed to avoid affecting. The washed soil particles were stored in
a cool and dry place for later use. The structure and porosity of loess were not disturbed
during experiments. Spherical microplastics of different particle sizes were prepared in
advance for standby application.

The samples were divided into 6 parts after weighing the soil mass required for each
test. The soil column was filled and compacted in layers. Each layer of soil sample was
shaved to ensure uniform sample loading and consistent compaction over the entire height
to ensure soil homogeneity. Before loading the sample, a filter was attached to the water
outlet at the bottom of the soil column to prevent the soil sample from flowing out of the
water outlet and damaging the soil sample. Each time a soil sample layer was loaded,
a soil moisture sensor and tensiometer were inserted in a timely fashion, especially the
tensiometer. If the tensiometer was left in the air for too long, vaporization occurred.
All apparatuses were inserted slowly to prevent apparatus damage and soil disturbance
during the process. The second layer was filled only when the data on the MIK-R9600
data paperless recorder were normal. In a similar fashion, the sample loading process was
implemented until the soil reached the specified height.

During the test, the wetting peak height (H) was measured by a 50 cm steel ruler,
which was measured every 5 min in the early stage, every 10 min in the middle stage, and
every 20 min or 30 min in the later stage. In the later stage, when the accumulated water
height reached the height required by the experiments, a Marsh flask was used to control
the accumulated water height. The accumulated water height remained at 3 cm, which was
used to simulate a state where the accumulated water height remained unchanged after the
generation of surface runoff in the later period of rainfall. During the test, EC-5 moisture
sensors and the MIK-R9600 paperless recorder collected data at a frequency of 1 data
point per minute. The test environment temperature was relatively stable and remained at
26~27 ◦C.

3. Results and Discussions

3.1. Effect of Microplastic Contents q on Moisture Transportation

A parameter infiltration rate (λ) (unit: mm/min) is defined, which indicates the
amount of water infiltrated per unit area of the soil surface per unit time. The cumulative
infiltration amount (Q) (unit: mm) is the cumulative infiltration amount per unit area of
the soil column from the beginning of rainfall to a certain time. The average conductivity
(C) of soil is the variation in the wetting peak depth (Δh) in a certain period of time (Δt).
An analysis of the test results from No. 1 to No. 5 are shown below.

The time–history curve of infiltration rate λ (Figure 2a) reflects the slope change in the
cumulative infiltration amount (Q) time–history curve (Figure 2b), and the time–history
curve of average conductivity (C) (Figure 2d) reflects the slope change in the wetting peak
depth (H) time–history curve (Figure 2c) under conditions of different microplastic contents
(q). The minimum infiltration rate (λmin) with a q value of 0.05% is larger than that of the
blank experimental control group, while λmin with a q of 0.10%, 0.25%, and 0.50% is smaller
than that of the blank experimental control group. Compared with the blank experiment
control group, when q is 0.05%, the Q value is the largest, the time required for rainwater
infiltration into the soil column bottom is the shortest, and the λ value continues to decline
and fluctuates greatly. When q values are 0.10%, 0.25%, and 0.50%, the Q values gradually
decrease with increasing q and all are smaller than the Q value of the blank experimental
control group. With the increase in the content, the time required for rainwater infiltration
into the bottom of the soil column gradually increased, and it was longer than that of the
blank control group. Analyzing the minimum infiltration rate (λmin) (Figure 2a) and the
time for rainwater infiltration into the bottom of the soil column (Figure 2b,c) compared
with the blank experimental control group, it could be speculated that microplastics with q
values of 0.05% promote rainwater infiltration, while microplastics with q values of 0.10%,
0.25%, and 0.50% hinder rainwater infiltration, and the content change does not affect the
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minimum infiltration ability. With increasing q values, the effect of blocking rainwater
infiltration is stronger.

Figure 2. Time–history curve under different microplastic q: (a) infiltration rate λ; (b) cumulative
infiltration amount Q; (c) wetting peak depth H; (d) average conductivity C.

The soil sample with q of 0.05% did not represent stable infiltration, and the rainfall
infiltration process showed no pressure infiltration or pressure infiltration. The rainfall
infiltration shows three stages: no pressure infiltration, pressure infiltration, and satu-
rated infiltration with regard to the q values of 0%, 0.1%, 0.25%, and 0.5%. According to
Figure 2a,b and Table 1, in the no-pressure infiltration stage, the initial infiltration rates (λin)
are constant and equal to the rainfall intensity. The water begins to accumulate on the soil
column surface, and the surface soil enters a transient saturation state. The soil moisture
content is low, and the matrix suction is large. The time–history curves represent slanted
straight lines, and the average conductivity (C) is large, which means that rainwater is
quickly absorbed and continuously transmitted to the interior of the soil. The no-pressure
infiltration stage ends at T1 with the existence of the accumulation point as a symbol. In
the pressure infiltration stage, the λ value gradually decays to a stable value with rainfall
duration; that is, the infiltration rate (λst) is stable, and the water height on the soil column
surface changes stepwise to a stable state. The soil mass on the surface transfers to a fully
saturated state. The curves in Figure 2b show an upward convex shape. The increase in
magnitude in wetting peak depth (H) also decreases gradually at the same time, and the
C values begin to decrease rapidly with rainfall duration. The pressure stage ends at T2
with the existence of the saturated point as a symbol. In the saturated infiltration stage,
the time–history curve of cumulative infiltration is a straight line, and its slope λ tends to
be constant, which is the saturated infiltration rate (λsa) and is equal to the permeability
coefficient of stable soil infiltration (λst = λsa = λmin). The soil column undergoes saturated
infiltration, and the C value tends to be stable. According to Table 2, microplastics with a q
of 0.05% promote rainfall infiltration, and the water accumulation time is much longer than
that of the other test samples. For other microplastic content samples, the more q values
there were, the earlier the water accumulation point and saturation point appeared.
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Table 2. Time of water accumulation points and saturation points.

Microplastic
Content q/%

Accumulation Points
T1/min

Saturation Points
T2/min

Time Difference
(T2 − T1)/min

0.00 150 305 155
0.05 192 — — — —
0.10 140 290 150
0.25 136 280 144
0.50 91 220 129

The existence of polystyrene microplastics in soils could fill the soil particle skeletons
to bond and block water, and polystyrene microplastics themselves have strong hydropho-
bicity. Current research [37–40] shows that soil particles are often regarded as completely
hydrophilic solids. The contact angle of soil increases and soil particles represent hydropho-
bic properties owing to the addition of hydrophobic materials. Meanwhile, microplastics
would fill pores of soil particles and decrease the soil permeability coefficient, representing
blocking effects. The two effects are contradictory and would play a dominant role in dif-
ferent situations with the change in soil compactness. When p is constant and q is relatively
small, the strong hydrophobicity of microplastics plays a dominant role. Microplastics pro-
mote water infiltration. With q increasing, microplastics compact soil particles, representing
blocking effects overall. The blocking effects enhance as q increases.

To explore the soil water-retaining capacity, the volume moisture content measured as
θ by EC-5 moisture sensors with different q values are analyzed below.

As shown in Figure 3, there is little difference in the time required for water to reach
sensors #3 and #4. The time taken for water to reach sensors #1 and #2 is the shortest when
q is 0.05%, while the time for water to transfer to sensors #1 and #2 gradually increases with
increasing q values compared with other microplastic contents (q). The θmax values with
different q values are all less than that of the blank experiment control group. With q values
increasing, the peak soil moisture content (θmax) slightly decreases. Microplastics weaken
the water-retaining capacity of loess soil due to the hydrophobic properties of microplastics.

 

Figure 3. Time–history curve of volumetric moisture content θ at monitoring points with different
microplastic contents q: (a) q = 0.00%; (b) q = 0.05%; (c) q = 0.10%; (d) q = 0.25%; (e) q = 0.50%.
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3.2. Effect of Microplastic Particle Size p on Moisture Transportation

In this study, the microplastic content (q) is 0.25% and the soil bulk density (γ) is
1.57 g/cm3. By analyzing the test results from No. 4, No. 6, and No. 7, the results are
shown below.

Similar to the analysis above, microplastics with a p of 3 μm were able to promote
rainfall infiltration compared with the blank experimental control group. By supplementing
rainwater infiltration tests (A2 of the Appendix A) with a p of 3 μm and a q of 0.00%, 0.05%,
0.10%, 0.25%, and 0.50%, no water may accumulate on the soil column surface for q values
of 0.05%, 0.10%, and 0.25%, and the water accumulates on the surface for a q of 0.50%,
indicating that with the decrease in p values, the q that promotes water infiltration increases,
and the hydrophobic effect is obviously enhanced. Microplastics hinder water infiltration
with p values of 5 μm and 8 μm. The microplastic amount with a p of 8 μm is less than
that with a p of 5 μm, and the soil with a p of 8 μm is looser. The saturated infiltration
rate is larger with a p of 8 μm. Therefore, microplastics with a p of 8 μm promote rainfall
infiltration compared with microplastics with a p of 5 μm.

The soil sample with a p of 3 μm represents the no-pressure infiltration stage, while
the rainfall infiltration shows no-pressure infiltration, pressure infiltration, and saturated
infiltration with p values of 5 μm and 8 μm. According to Figure 4, the time–history
curves of the cumulative infiltration amount (Q) with p values of 5 μm and 8 μm have
intersections in the pressure infiltration stage. This means that the smaller the particle
size of microplastics, the more conducive they are to rainwater infiltration in the pressure
infiltration stage, while the larger the particle size of microplastics, the more favorable the
rainwater infiltration in the saturated infiltration stage. As shown in Figure 4, significant
differences appear in the saturated infiltration stage for curves with p values of 5 μm and
8 μm, indicating that the saturated infiltration stage of rainfall infiltration was severely
affected by microplastic particle sizes.

Figure 4. Time–history curve of under different microplastic particle sizes p: (a) infiltration rate λ;
(b) cumulative infiltration amount Q; (c) wetting peak height H; (d) average conductivity C.

Current research [39] shows that there exist three types of soil particles: large, medium,
and small. The soil permeability coefficient is greatly affected by large pores compared
with medium and small pores. When q is constant and p is small, microplastics fill few large
pores of soil particles and present hydrophobic properties to promote water infiltration.
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Otherwise, with p increasing, more and more large pores are filled by microplastics, re-
ducing the soil permeability coefficient. The existence of microplastics represents blocking
effects. The blocking effects enhance as p increases. By controlling the mass of microplastics
as constant, if p decreases, the amount of microplastics that compact soil particles should
increase and blocking effects should increase. This explains the microplastic content range
that promotes infiltration increases as p decreases.

To explore the soil water-retaining capacity, the volume moisture content measured θ
by EC-5 moisture sensors with different p values are analyzed below.

As shown in Figure 5, the θmax values with different p values are all less than that
of the blank experiment control group. There are few differences in θmax with different
p values. This indicates that the existence of microplastics reduces soil water-retaining
capacity. The effects on soil water-retaining capacity change slightly as p increases.

 

Figure 5. Time–history curve of volumetric moisture content θ at monitoring points with different
microplastic contents p: (a) p = 3 μm; (b) p = 5 μm; (c) p = 8 μm.

3.3. Effect of Soil Bulk Density γ on Moisture Transportation

In this study, the microplastic content (q) is 0.25% and the microplastic particle size (p)
is 5 μm. By analyzing the test results from No. 4, No. 8, No. 9, and No. 10, the results are
shown below.

As shown in Figure 6, with increasing γ, the stable infiltration rate (λst) gradually
decreases. This phenomenon is because the soil particles become more compact, the soil
particle pores are smaller, and the soil infiltration rate (λ) is lower if the γ values increase.
With the increase in γ, the cumulative infiltration amount (Q) gradually decreases. The
rainfall infiltration shows three stages: no-pressure infiltration, pressure infiltration, and
saturated infiltration. Meanwhile, with the increase in γ, the duration of the no-pressure
stage gradually decreases, and the duration of the pressure stage also gradually shortens.
The rainfall infiltration quickly transitions to the saturated infiltration stage. With the
increase in γ, the time for rainwater to reach the soil column bottom gradually increases,
and the saturated infiltration rate (λsa) gradually decreases. This is because as γ increases,
the soil is denser, the porosity is smaller, and the amount of water passing through is less.
It should also be noted that there is a good linear relationship between λsa and γ (A3 of the
Appendix A).

To explore the soil water-retaining capacity, the volume moisture content measured as
θ by EC-5 moisture sensors with different γ values are analyzed below.

As shown in Figure 7, at the beginning, the rising time of θ at #1 and #2 is roughly the
same, but with the increase in soil depth and γ, the rising time of θ is slightly delayed, and
the time difference between the increase in θ at #3 and #4 also gradually increases. The θmax
values with different γ values are all less than that of the blank experiment control group.
The soil peak moisture content (θmax) with a relatively large bulk density (γ) would decrease
slightly. The existence of microplastics would weaken the soil water-retaining capacity.
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Figure 6. Time–history curve under different soil bulk density γ: (a) infiltration rate λ; (b) cumulative
infiltration amount Q; (c) wetting peak height H; (d) average conductivity C.

 
Figure 7. Time–history curve of volumetric moisture content θ at monitoring points with different
soil bulk density γ: (a) γ = 1.57 g/cm3; (b) γ = 1.61 g/cm3; (c) γ = 1.65 g/cm3; (d) γ = 1.73 g/cm3.

The time–history curve of wetting peak height (H) with different soil bulk densities
(γ) could be fitted by a power function, which shows significant scale symmetry:

H = atb (1)
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Taking Equation (1) by the derivative of both sides with respect to time, the formula of
wetting peak advancing velocity can be obtained:

dH
dt

= abtb−1 (2)

To explore the physical meanings of parameters a and b, we take the derivative of
Equation (2) with respect to time and take the logarithm of both sides of this equation:

log
(

dH
dt

)
= log(ab) + (b − 1) log t (3)

where dH/dt is the advancing speed of the wetting peak; log(ab) is related to the initial
advancing speed of the wetting peak; and b − 1 is the slope of Equation (3) and is related to
the acceleration of the wetting peak advance. Combined with Equation (1), the time–history
curves of the wetting peak advancing depth H and the wetting peak advancing speed dH/dt
are shown in Figure 8.

Figure 8. Fitting curve: (a) time-history curve of the wetting peak advancing depth H; (b) time-history
curve of the wetting peak advancing speed dH/dt.

It could be speculated that there is a linear relationship between the wetting peak ad-
vancing speed and time, which could be used to calculate the unsaturated soil permeability
coefficient proposed with microplastics in Section 4.2.

3.4. Effect of Rain Interval Ratio i on Moisture Transportation

This study investigates the soil infiltration rate (λ) when the microplastic content (q) is
0.25%, the soil bulk density (γ) is 1.57 g/cm3 and the microplastic particle size (p) is 5 μm.
By analyzing the test results from No. 11 to No. 13, the results are shown below.

The rainfall infiltration rate (λ) is barely unchanged for more than 600 min of rainfall
duration, and the rainfall infiltration is stable under the circumstances of three different rain
interval ratios (i). Therefore, the time–history curves only represent rainfall duration within
600 min. As shown in Figure 9, the rainfall infiltration process overall does not show no-
pressure infiltration, pressure infiltration, or saturated infiltration. With time, the rainwater
infiltration rate (λ) gradually decreases to approximately 0.013 mm/min regardless of the
difference in i values. However, at the same time, the time–history curves of λ from high to
low rain interval ratios (i) are 1:2, 1:1, and 2:1 in turn. It could be speculated that the rain
interval ratio (i) has little influence on the saturated infiltration stage of the soil. It is easier
for rainwater to infiltrate into the soil inside, and there is no significant loss of rainwater
through surface runoff when i is equal to 1:2.

In the pressure infiltration stage, a water film begins to appear on the soil surface until
ponding occurs and λ begins to decrease. Nonetheless, during the break time of rain, the
water film and stagnant water disappear, and θ decreases. There appears to be a small
rebound in λ. With changes in the rainfall cycle, the rate of decrease in λ and increase in
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rebound gradually decrease, while the magnitude of decrease and increase in rebound
gradually decrease. It is shown that the time of λ changes in the time–history curve of λ is
consistent with the alternating time between rainfall continuation and rainfall pause, and
there is no hysteresis phenomenon, indicating that the infiltration rate responds rapidly to
the transition of rainfall types. Below are the comparison figures of the time–history curves
of infiltration rate (λ) of loess soil containing microplastics during rainwater infiltration
under continuous rainfall conditions and intermittent rainfall conditions.

Figure 9. (a) Time-history curve of infiltration rate λ with different rain interval ratio i; comparative
analysis of time-history curves of infiltration rate λ with different rain interval ratio I: (b) i = 1:2;
(c) i = 1:1; (d) i = 2:1.

As shown in Figure 9, when rainfall conditions change from continuous rainfall to
intermittent rainfall, the decline rate of λ in the early stage of rainfall changes from fast to
slow, and λ under intermittent rainfall conditions is higher than that under continuous
rainfall conditions at the same time. This shows that the rainwater infiltration speed is
faster when rainfall changes to intermittent rainfall, and the Q value is larger in the middle
and early stages. Owing to intermittent rainfall, rainwater needs to be redistributed, and
the rainfall duration is long. There are few differences in λ when entering the saturated
infiltration stage for continuous and intermittent rain, indicating that rain conditions have
little effect on the saturated infiltration stage and that the rain interval ratio has a strong
impact on the pressure infiltration stage owing to the rebound phenomenon above. For
the soil column tests with rainfall durations longer than the rainfall intermittent time, the
time–history curves are almost coincident, indicating that with the increase in rainfall
duration, λ gradually became insensitive to the transition of rainfall type. Intermittent
rainfall conditions are conducive to soil rainwater infiltration and do not generate excessive
runoff on the surface. In agricultural irrigation, under the circumstances of the same
irrigation water volume, the intermittent irrigation method is preferred, which is conducive
to maximizing the use of water, and the infiltration time is long. Rainwater is beneficial to
the absorption and utilization of plant rhizomes in the process of water redistribution in
multiple rainfall cycles.
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4. Coefficient of Permeability

4.1. Formula Derivation

The coefficient of permeability (θ) is an index that comprehensively reflects soil per-
meability and is the basis for seepage analysis and rainfall infiltration analysis, which has
guiding significance for the seepage analysis of a project and for farmland irrigation. Below
is the formula derivation process.

Assuming that the entire space of a soil flow area is filled with water flow, to make the
flow in the soil flow model reflect the actual flow of the soil, the flow velocity of the water
(Vw, unit: L/T) flow on any tiny area ΔA should be equal to the actual flow through the
area ΔQ divided by ΔA, that is:

Vw = ΔQ/ΔA (4)

Due to the volumetric water content of unsaturated soils at various cross-sectional
locations and differences in the shape, width and direction of pores, the flow velocity here
is also an average flow velocity that varies with location and time.

Assuming that the volumetric water content contour line and the matrix suction
contour curve advance smoothly in a relatively short period of time, this requires that the
volumetric water content distribution function θ(h, t) of different sections change the same
with time, which can be converted into the following expression:

θ(h, t + Δt) = θ(h − Δh, t) (5)

where Δh is the wetting peak infiltration depth during Δt.
As shown in Figure 10, within a short distance of the soil column between A and B,

the development schematic diagram of the wetting peak when the rainfall duration is t1
and t2, respectively. The distance traveled by the wetting peak is Δh, so during the rainfall
duration Δt = t2 − t1 (shorter time, generally less than five minutes), the water flow through
section A of the soil column is:

QA = ΔQA−D + QD (6)

where QA is the water flow through section A, QD is the water flow through section D, and
ΔQA−D is the amount of water stored in vertical section AD of the soil column during time
Δt. When the wetting peak does not reach the cross section, QA and QD are equal to 0. As
the test stops until the water infiltrates to the bottom of the soil column, QD is 0. It can be
seen from the previous analysis that θ can be integrated to obtain the total water content in
a vertical section of the soil column, so the above formula can be written as:

QA = ΔQA−D =
∫ hD

hA

(θ(h, t2)− θ(h, t1))Adh =
∫ hD

hA

θ(h, t2)Adh −
∫ hD

hA

θ(h, t1)Adh (7)

where θ (h, t2) and θ (h, t1) are the distribution functions of the soil volumetric moisture
content θ at times t2 and t1, respectively; A is the cross-sectional area of the vertical soil
column; and hA and hD are the distances between section A and section D from the soil
column surface. Assuming that the vertical soil column is within a small time period Δt = t2
− t1, the height difference of the wetting peak in the vertical direction is Δh. The equations
below can be obtained from the previous assumptions:

QA = ΔQA−D =
∫ hD

hA
θ(h, t2)Adh − ∫ hD

hA
θ(h, t1)Adh =

∫ hD
hA

θ(h − Δh, t1)Adh − ∫ hD
hA

θ(h, t1)Adh

=
∫ hA

hA−Δh θ(h, t1)Adh − ∫ hD
hD−Δh θ(h, t1)Adh

(8)

Based on the assumption that the distribution function of soil volumetric moisture
content θ is a smooth function, the equations can be simplified as:

∫ hA

hA−Δh
θ(h, t1)Adh ≈ [θ(hA, t2) + θ(hA, t1)]AΔh

2
(9)
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∫ hD

hD−Δh
θ(h, t1)Adh ≈ [θ(hD, t2) + θ(hD, t1)]AΔh

2
≈ θ0Ah (10)

where θ0 is the initial volumetric moisture content of the vertical soil columns.
Inserting Equations (9) and (10) into Equations (4) and (8), the water flow QA and

average flow rate of water flowing through section A VA are:

QA =
[θ(hA, t2) + θ(hA, t1)− 2θ0]A(hB − hA)

2
(11)

VA = {0.5[θ(hA,t2)+θ(hA,t1)−2θ0]A}Δh
t2−t1

= {0.5[θ(hA,t2)+θ(hA,t1)−2θ0]A}(hB−hA)
t2−t1

= {0.5[θ(hA,t2)+θ(hA,t1)−2θ0]A}(h2−h1)
t2−t1

(12)

where (h2 − h1)/(t2 − t1) is the wetting peak advancing speed. In a short time t, let
t = (t2 + t1)/2 be the wetting peak advancing speed formula derived earlier, and by substi-
tuting the previously obtained wetting peak advancing speed formula into it, Equation (13)
can be obtained:

VA =
{0.5[(hA, t2) + θ(hA, t1)− 2θ0]A}(h2 − h1)

t2 − t1
= {0.5[θ(hA, t2) + θ(hA, t1)− 2θ0]A}ab

(
t2 + t1

2

)b−1
(13)

At (t2 + t1)/2 time, the hydraulic gradient between sections A and B is approximately
equal to the tangent of the angle α in Figure 10 and can be obtained by the following formula:

i =
ϕ(hA, t1)− ϕ(hA, t2)

γw(hB − hA)
− 1 =

ϕ(hA, t1)− ϕ(hA, t2)

γw(h2 − h1)
− 1 (14)

Assuming that the permeability coefficient of unsaturated soil remains unchanged in
a small time period Δt = t2 − t1 according to Darcy’s law, the following can be obtained:

QA = kiAΔt (15)

k = QA
iAΔt =

0.5{[θ(hA,t2)+θ(hA,t1)−2θ0]AΔh}γwΔh
[ϕ(hA,t1)−ϕ(hA,t2)−γwΔh]AΔt

= 0.5[θ(hA,t2)+θ(hA,t1)−2θ0]Δhγw
[ϕ(hA,t1)−ϕ(hA,t2)−γwΔh] ab

(
t2+t1

2

)b−1 (16)

Figure 10. Moisture content profile and matrix suction profile at any two times during rainwater
infiltration.

4.2. Calculation Example

In this paper, the section of the #2 moisture sensor of the test soil column with a
microplastic content q of 0.25%, a microplastic particle size p of 5 μm, a uniform rainfall
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intensity of 20 mm/h, and a soil bulk density γ of 1.57 g/cm3 is selected to solve the problem
of the permeability coefficient of unsaturated remodeled loess soils with microplastics.

From the study above, the wetting peak infiltration rate of loess soil with microplastics
varies greatly in the early stage of rainfall and tends to be stable with increasing rainfall
duration. The power exponent is used for fitting, and the fitting effect is better. Below is
the fitting function with the same meaning as Equation (4):

v = abtb−1 = 11.01t−0.639 R2 = 0.987 (17)

The volumetric moisture content functions θ(h, t) and ϕ(h, t) of the section where
the #2 moisture sensor of the loess soil column is located are measured by the moisture
sensor and the tensiometer, respectively. Taking θ(h, t), ϕ(h, t), v = 11.01t−0.639, θ0 = 0.07,
γw = 10 KN/m3, and Δt = t2 − t1 = 5 min into Equation (16), the permeability coefficient of
unsaturated remolded loess soil with microplastics under different matrix suction values
can be obtained, as shown in Figure 11.

Figure 11. Permeability curve.

As shown in Figure 11, when the soil tends to be saturated, the matrix suction force ψ is
small, and the permeability coefficient (k) is approximately equal to 0.0338 mm/min, which
is in close proximity with the saturated permeability coefficient (λ) of 0.037 mm/min in
Section 3.1. Therefore, the experimental results in this paper are consistent and reasonable
with the theoretical calculation. Meanwhile, the distribution of the logarithm (lgk) and
the matrix suction (lgϕ) shows a linear distribution law, which can be fitted by a linear
equation. The fitting curve under the double logarithmic coordinate is shown in Figure 11.
The fitting equation is:

lgk = 5.77 − 7.53lgϕ(R2 = 0.987) (18)

Therefore, according to the calculation method of the unsaturated soil permeability
coefficient proposed with microplastics in this paper, combined with laboratory infiltration
tests and soil–water characteristic curve tests, the permeability coefficient of unsaturated
soil bodies can be obtained, which can be used for engineering seepage analysis and
guidance for farmland soil irrigation.

5. Conclusions

Based on the wetting front advancing method, this paper employs a one-dimensional
vertical soil column rainfall infiltration test device. By analyzing the experimental phenom-
ena and data, the following conclusions are drawn:

(1) When the values of q and p are relatively small, microplastics reflect hydrophobic
properties. With the increase in q, p, and γ, microplastics represent blocking effects owing to
a significant increase in soil compactness. The rainfall infiltration process normally shows
no-pressure infiltration, pressure infiltration, and saturated infiltration. When microplastics
have the main effect of hydrophobic, saturated infiltration, even pressure infiltration would
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not appear. When microplastics have the main effect of blocking, saturated infiltration
begins sooner.

(2) The soil water-retaining capacity would be weakened due to the existence of
microplastics.

(3) Compared with continuous rainfall, intermittent rainfall is preferred in agricultural
irrigation, which would not cause a large amount of surface runoff loss and is conducive to
the maximum utilization of water.

(4) Based on the assumption that the volumetric moisture content contour and the ma-
trix suction contour curve advance smoothly in a relatively short period of time, combined
with the effective fitting of the power function of the wet peak bulk density advancing
curve, the permeability coefficient (k) and average flow rate (V) of unsaturated soils are
jointly derived. The relationship between the permeability coefficient (k) and matrix suction
(ψ) of unsaturated loess soil containing microplastics was calculated by an example.
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Appendix A

A1: Grain-size distribution curve.

Figure A1. Grain-size distribution curve.

A2: The rainwater infiltration tests with a p of 3 μm and a q of 0.00%, 0.05%, 0.10%,
0.25%, and 0.50% are supplemented and the results are shown below.
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Figure A2. Time–history curve of under different microplastic q: (a) infiltration rate λ; (b) cumulative
infiltration amount Q; (c) wetting peak depth H; (d) average conductivity C.

A3: Fitting curve of λsa and γ.

Figure A3. Fitting curve of λsa and γ.
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Abstract: As two environmental pollutants of great concern, polystyrene microplastics (PS-MPs) and
nonylphenol (NP) often coexist in the environment and cause combined pollution. Batch adsorption
experiments were carried out by varying parameters such as pH, the particle sizes of the PS-MPs, the
initial concentration of NP, and metal ion content. The results showed that the particle size of the
PS-MPs in the range tested (0.1, 1, 10, 50, and 100 μm) had a significant effect on their NP adsorption
capacity. The NP adsorption process of the PS-MPs was best described by the pseudo-second-order
kinetic model and the Langmuir isotherm model, while the intraparticle diffusion and Bangham
models were also involved in determining the NP adsorption process of 0.1 μm PS-MPs. Both PS-MPs
and NP significantly affected cell proliferation, which had been confirmed by reduced cell viability, a
blocked cell cycle G1 phase, and elevated apoptosis by affecting the basic cell functions. Furthermore,
the negative effects of 0.1 μm PS-MPs on cell proliferation and function were aggravated after the
adsorption of NP. Further research on the potential health risks of PS-MPs combined with NP or
other environmental contaminants is needed.

Keywords: microplastics; nonylphenol; adsorption; desorption; cytotoxicity

1. Introduction

The accumulation and fragmentation of plastic waste have always been the focus of
environmental concerns. It is noted that trends in the accumulation rate of mega- and
macro-plastic no longer uniformly increase, while the average size of plastic particles seems
to decrease on a global scale. Microplastics, which are plastic fragments with diameters
smaller than 5 mm, circulate in the system of the air/soil/ocean/living organisms and
have been detected in aquatic organisms such as freshwater shrimp, seaweed laver, and
edible fish [1–3]. The transmission and accumulation of microplastics in food chains make
voluntary or involuntary ingestion almost inevitable. The detection rate of microplastics
in human stool samples from Europe and Asia was 100%, and nine types of plastics were
detected [4]. The potential health risk of environmentally released microplastics has become
a topic of great concern.

Microplastics with particle sizes smaller than 150 μm are proven to pass through
the intestinal mucosal barrier, accumulate in the intestine and other tissues, destroy the
immune system, and cause inflammation and oxidative stress [5]. The accumulation of
microplastics in the gills, liver, and gut of zebrafish was observed after seven days of
exposure to 20 mg/L microplastics of 5 μm [6]. More specifically, some microplastics with
smaller particle sizes passed through the blood-brain barrier, causing brain damage and
behavioral disorder [7]. In addition, due to their high specific surface area and hydrophobic
surface, microplastics can adsorb hydrophilic chemicals and act as significant vectors for
pollutants [8]. After being exposed to 100 μg/L microplastics and organophosphorus flame
retardants for up to 90 days, aggravated toxicity of organophosphorus flame retardants in
mice were found [9]. Microplastics have been reported to change exposure routes, increase
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the accumulation and share the common toxic mechanisms of di-(2-ethylhexyl) phthalate
(DEHP) in mice [10].

Nonylphenol (NP), a widely researched phenolic endocrine disruptor, originates
principally from the degradation of nonylphenol ethoxylates and is mainly used in the
production of surfactants, lubricating oil additives, and pesticide emulsifiers [11]. Many
studies have proven that NP is harmful to the immune system, the nervous system, and the
reproductive system [12,13]. Mice exposed to NP had reduced oocyte quality, where the
cytoskeletal dynamics and mitochondrial function were affected, which further induced
oxidative stress and apoptosis in mouse oocytes [14]. NP in the intestinal tract after oral
administration destroyed the intestinal barrier. Studies have shown that NP changed the
permeability of Caco-2 monolayer cells by inhibiting the expression of tight junction protein
and increasing intestinal permeability [15].

As two environmental pollutants of great concern, microplastics and NP coexist in the
ocean, sludge, and sediments [16,17]. However, studies into the adsorption, desorption, and
combined effects of microplastics and NP are still rare. This article aimed to systematically
investigate the adsorption and desorption process of NP from polystyrene microplastics
(PS-MPs) with different particle sizes. The mechanism of adsorption was investigated
using kinetics and the isotherm model. The desorption experiments of NP from PS-MPs
under water or simulated warm-blooded body gastrointestinal environments were also
studied and provided support for the analysis of the single and combined toxicity of NP
and PS-MPs on human intestinal epithelial Caco-2 cells. These results can provide new
insights into the potential health risks of PS-MPs combined with NP or other environmental
contaminants in humans.

2. Materials and Methods

2.1. Materials and Chemicals

NP (analysis standard, CAS: 104-40-5, Aladdin Bio-Chem Technology, Shanghai,
China) was dissolved in acetonitrile to prepare a stock solution and stored at 4 ◦C. PS-MPs
with diameters of 0.1, 1, 10, 50, and 100 μm were bought from Dongguan Zhangmutou
Company (Dongguan, China). After the removal of surfactants using ethanol and water
alternately, PS-MPs were dried using vacuum freeze-drying and subjected to the adsorp-
tion testing. High glucose Dulbecco’s modified Eagles medium (DMEM), nonessential
amino acid, 0.25% Trypsin-EDTA solution (without phenol red), and L-glutamine were
all purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China), while fetal
bovine serum (FBS) was brought from Biological Industries (Karmiel, Israel). Cell count-
ing Kit-8 assay kit (CCK-8) was purchased from Dojindo Chemical Technology Co., Ltd.
(Shanghai, China).

2.2. Characterization of PS-MPs and Detection of NP

The surface morphology of the PS-MPs was investigated by cold field emission scan-
ning electron microscope (SU8100, Hitachi, Japan); The surface area of the PS-MPs was
evaluated by N2 adsorption-desorption using Brunauer-Emmett-Teller (JW-BK132F, JWGB
Sci & Tech Ltd., Beijing, China). The surface functional groups of the PS-MPs were mea-
sured usin Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher
Scientific, Waltham, MA, USA) in the wavenumber range of 4000–400 cm−1 with KBr pellet.

Ultra-high performance liquid chromatography-fluorescence detector (excitation wave-
length = 230 nm, emission wavelength = 310 nm) (Agilent technologies company, Santa
Clara, CA, USA) was applied to the determination of NP [18,19], 10 μL of sample was
loaded in Eclipse XDB-C18 column (5 μm, 4.6 × 150 mm, Agilent technologies company,
Santa Clara, CA, USA), with 0.4 mL/min flow rate of acetonitrile: water (90:10) as mobile
phase (isocratic elution). An external standard method was used for the construction of the
peak area-concentration standard curve, and then the concentration of NP was calculated.
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2.3. Adsorption and Desorption Experiments

An amount of 2 mg of PS-MPs with different particle sizes was mixed with 100 mL NP
solution (4 mg/L and pH = 7). All samples were oscillated in a shaker at a temperature of
25 ◦C and at a constant speed of 150 r/min. Three samples were taken as parallel samples at
each time point (0, 0.25, 0.5, 1, 2, 3, 6, 9, 12, 18, 24, 36, 48, 72 and 96 h). After centrifugation
and filtration with a 0.22 μm PTFE filter membrane, the concentration of the residual NP
in the filtrate was measured. The NP adsorption capacity of PS-MPs (qe) at equilibrium
(t = 96 h) or a selected time (qt) were calculated, respectively, by Equations (1) and (2):

qe =
C0 − Ce

m
× V (1)

qt =
C0 − Ct

m
× V (2)

where C0, Ce, and Ct are the solution concentration of NP at initial, equilibrium (t = 96 h),
and selected times t (h), respectively; V (mL) is the volume of solution and m (g) represents
the weight of the PS-MPs.

The desorption behavior of NP on the PS-MPs in a water environment and the warm-
blood body gastrointestinal environment were investigated. The simulated gastrointestinal
fluid was an acid solution (pH = 2.8) with 15.5 mmol/L sodium taurocholate and 4 g/L of
pepsin. The mixtures were then agitated in a constant temperature shaker at the intestinal
temperature of 35 ± 2 ◦C and a speed of 100 r/min [20]. A total of 50 mL of water (3.5%
sodium chloride in ultrapure water, pH 7.0) was used as the control for comparison with
the gastrointestinal fluids for the desorption experiments, which occurred at a constant
temperature of 25 ± 2 ◦C and speed of 150 r/min [21].

After 120 h of desorption. The amount of NP desorbed (qdt, mg/g) was calculated by
Equation (3):

qdt =
Cdt − Cd0

md
× Vd (3)

where qdt (mg/g) denoted the desorption capacity of the PS-MPs at the time t (h); Cd0 and
Cdt are the concentration of NP in the solution at an initial and selected time t (h); Vd (L)
was the volume of solution added, and md (g) was the total weight of the PS-MPs and
adsorbed NP used for the desorption experiment.

NP desorption percentage (Adt, %) can be calculated based on Equation (4):

Adt =
qdt
qt

× 100 (4)

2.4. The Factors That Influence the Adsorption Behavior of NP on PS-MPs

Separate sets of experiments were conducted to investigate the effects of pH, metal
ions, and the diameter of the PS-MPs on NP adsorption. The influence of pH was studied
by adjusting the reaction solutions to different pH values (3, 5, 7, 9, and 11.0, adjusted with
1 mol/L HCl solution and NaOH solution) and the effects of the metal ions on adsorption
were carried out in reaction solution containing 0.2 mol/L metal ions (Na+, Fe2+, Ca2+, and
K+ respectively) until the equilibrium of the NP solutions (4 mg/L) and the 0.1 μm PS-MPs
(20 μg/mL) was established. In addition to the normal influencing factors, the initial
concentration of NP and the particles sizes of the PS-MPs are non-negligible effects. The
influence of the initial concentration of NP was investigated by agitating the NP solution at
a series of gradients (1, 4, 10, 20, 30, and 40 mg/L) with 20 μg/mL 0.1 μm PS-MPs at 25 ◦C
for 96 h. The effect of the diameter of the PS-MPs on NP adsorption was carried out in NP
solutions (4 mg/L) with 20 μg/mL PS-MPs, with different particle sizes (0.1, 1, 10, 50, and
100 μm) at 25 ◦C until the adsorption reached equilibrium.
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2.5. Adsorption Kinetic and Isotherm Equations

The adsorption kinetics of NP in the solution via the PS-MPs with different particle
sizes were studied in terms of four kinetic models: pseudo-first-order, pseudo-second-order,
intra-particle diffusion, and Bangham model. Three adsorption isotherms models, includ-
ing Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) model, were also constructed
and used to examine the adsorption mechanism and corresponding rate control step. The
models mentioned here can be found in Appendix A Table A1.

2.6. Cell Culture

The Caco-2 (Cat NO.: CL-0050) cell lines were provided by Procell Life Science &
Technology Co., Ltd. Wuhan, Hebei, China. They were cultured in DMEM high-sugar
medium containing 18% fetal bovine serum, 1% L-glutamine, and non-essential amino
acids and were grown under 5% CO2, 37 ◦C constant temperature culture conditions. When
the cells grew to cover 80–90% of the bottom of the flask, they were digested with trypsin
and passaged every three days.

Different particle sizes of PS-MPs (0.1, 1, 10, 50, and 100 μm) were dispersed in serum-
free DMEM medium at a concentration of 500 mg/L; an NP solution with a concentration of
40 μmol/L, and PS-MPs synergistic with NP (1 h adsorption reaction product of 500 mg/L
PS-MPs and 40 μmol/L NP) were added to the Caco-2 cells. Culture mediums without any
contaminants were set as control groups.

2.7. Cytotoxicity Assays
2.7.1. Cell Viability

Cell viability was quantitatively evaluated using the Cell Counting Kit-8 (CCK-8).
After 12 and 48 h of drug intervention, 10 μL of CCK-8 assay solution was added to each
well of the 96-well plate, followed by incubation for 1.5 h. The absorbance at 450 nm was
measured using a microplate reader (Varioskan Flash, Thermo Fisher Scientific, Waltham,
MA, USA). Cell viability can be calculated according to the following formula:

Cell viability(%) =

(
Ae − Ap

)
(Ac − A0)

× 100% (5)

where Ae and Ac represented the absorbance of the experimental group and the control
group, A0 and Ap were the absorbances of the culture medium and solution of the PS-MPs
dispersed in the medium, respectively.

2.7.2. Cell Cycle

After treatment with drugs for 48 h, cells were harvested by centrifugation and
resuspended to a final concentration of 1 × 106 cells/mL, and then fixed with 70% cold
ethanol. Cells were incubated with a propidium iodide staining working solution in the
dark for 1 h. The red fluorescence of 10,000 events of propiodium iodide-stained cells was
countered using a Cytoflex-S flow cytometer (Beckman Coulter, Inc. in Brea, CA, USA).
The percentage of cells in the different phases of the cell cycle was calculated using Kaluza
Analysis Software (Beckman Coulter, Inc. in Brea, USA).

2.7.3. Apoptosis

After exposure to the PS-MPs and NP, 5 μL Annexin V-FITC dye solution and 10 μL
propidium iodide were added to the cell suspension for a 15 min incubation in the dark
at room temperature (20–25 ◦C). Afterward, the cells were measured in a Cytoflex-S flow
cytometer (Beckman Coulter, Inc. in Brea, USA).

2.7.4. Mitochondrial Membrane Potential (MMP)

A total of 1 mL of JC-1 staining working solution was directly mixed with the treated
cells for a 20 min of incubation at 37 ◦C. The supernatant was aspirated off and the cells
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were washed twice with JC-1 staining buffer (1×). The red and green fluorescence values of
the cells were measured using a fluorescence microscope (Leica DMi8, Leica Microsystems,
Wetzlar, Germany), and the ratio of green/red JC-1 fluorescent intensity was calculated.

2.7.5. Reactive Oxygen Species (ROS)

After 48 and 72 h of drug intervention in the cells, an appropriate amount of 10 μmol/L
DCFH-DA fluorescent probe dye was added and incubated for 20 min at 37 ◦C. Cells were
then collected and washed three times with PBS to sufficiently remove the DCFH-DA that
did not enter the cells. Subsequently, the average fluorescence intensity value detected by
the flow cytometer (Cytoflex S, Beckman Coulter, Inc. in Brea, USA) at a 488 nm excitation
wavelength and a 525 nm emission wavelength characterized the active oxygen levels.

2.8. Statistical Analysis

The fitting curve and fitting parameters of the adsorption kinetics and isotherm models
were performed using the Origin 2019 software. All experimental data were expressed
as a mean with standard deviations. One-way ANOVA and Tukey or Dunnett testing for
multiple comparisons were performed using GraphPad Prism 8.0. A p-value < 0.05 was
considered statistically significant.

3. Results

3.1. Characterization of PS-MPs

The PS-MPs used in this study were pure particles with particle sizes of 0.1, 1, 10, 50,
and 100 μm. Uniform particle size can be observed using a scanning electron microscope
(Figure 1A). As to the surface morphology observed, representative phenomena of different
particle sizes were found. The surface of the 1 μm PS-MPs was not smooth and flat but
was adhered to the unaggregated fragments with cracks. In the observation of the PS-MPs
with a diameter of 50 μm, a surface that was either relatively smooth or attached with loose
and porous foam-like substances was found. In addition, the shape of a particle of 100 μm
in size was closer to an ellipse, with particles attached to its rough surface. The specific
surface area and porosity tests proved that the PS-MPs had a porous structure, and the
PS-MPs with smaller particle sizes had a larger specific surface and average pore diameters
(Table 1).

The FT-IR spectrum of the PS-MPs is shown in Figure 1B as a representative example.
The infrared absorption peak at 3000 cm−1 and 750 cm−1 was attributed to the C-H
stretching vibration mode and the out-of-plane bending vibration mode on the benzene
ring in the polystyrene molecule; The 2850 cm−1 frequency belongs to the CH2 symmetric
stretching vibration mode in the polystyrene molecule, and 960 cm−1 is attributed to
the out-of-plane deformation vibration mode of the olefin in the polystyrene molecule;
the prominent peak at around 1455 cm−1 and 1730 cm−1 was attributed to the vibration
mode of the benzene ring in the polystyrene molecule. The composition and characteristic
diffraction peaks of the PS-MPs corresponded to previous reports [22].

Table 1. Surface area, total pore volume, and average pore diameter of PS-MPs.

Particle Size (μm) 0.1 1 10 50 100

Surface area (m2/g) 62.248 38.193 16.887 3.824 3.351
Total pore volume (cc/g) 0.336 0.476 0.043 0.007 0.004

Average pore diameter (nm) 19.970 9.818 10.013 7.082 5.096

3.2. Effect of Reaction Time on Adsorption and Desorption of NP on PS-MPs

In this study, Figure 2A,B are the individual plotted curves of the NP adsorption
capacity of PS-MPs changing with time. It can be seen that the NP sorption by PS-MPs
rose rapidly to the maximum and then gradually slowed until reaching the adsorption
equilibrium, which was followed by it then becoming unchanging. The results showed
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similar trends for the NP adsorption processes for different particle sizes of the PS-MPs.
Figure 2C showed that the NP desorption capacity curve of PS-MPs with a diameter of
0.1 μm under the gastrointestinal tract reached a maximum of about 0.12% within the
first 2 h and then remained stable, whereas the NP desorption capacity of the PS-MPs
under a water environment kept growing and was about nine times higher than that of the
warm-blooded biological gastrointestinal tract at 120 h.

Figure 1. Characterization of PS−MPs used in this study. (A) SEM images of PS−MPs with different
particle sizes: 0.1 μm (a); 1 μm (b); 10 μm (c); 50 μm (d); 100 μm (e). (B) FTIR spectra of PS−MPs.

3.3. Intrinsic and Extrinsic Factors That Influence NP Adsorption to PS-MPs

There are many factors that affect the adsorption capacities of microplastics on a
certain organic pollutant, such as the type, the physical characteristics (mainly particle size,
specific surface area, and crystallinity) of the microplastics, the concentration of organic
pollutant, and environmental conditions (pH and metal ions) [23–25]. Figure 3 showed the
influence of four factors on the adsorption process. It was found that the adsorption of
NP onto the PS-MPs was strongly dependent on the initial concentration of NP. As seen in
Figure 3B, the adsorption capacity increased with the increasing initial concentration of
NP, and reached the maximum when the initial concentration of NP was 40 mg/L. We also
found that, under a certain concentration of NP, the increasing particle size of the PS-MPs
would result in a decrease in the adsorption capacity.

Solution conditions, such as pH value and metal ion concentration, also significantly
affected the adsorption capacity of the PS-MPs. Maximum NP adsorption occurred when
the pH was 3 for the PS-MPs. NP adsorption capacity decreased as solution pH increased.
Figure 3D shows the influence of various metal ions (0.2 M) on the adsorption of NP onto
the PS-MPs at a pH of 7. The results showed that NP adsorption was strongly dependent
on ions for the PS-MPs. An average increase of 6.5 mg/g for NP adsorption capacity for
the PS-MPs was observed in the presence of other metal ions, among which Na+ increased
the most.
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Figure 2. Effects of reaction time on the adsorption and desorption of NP in PS−MPs. (A) Adsorption
process of NP solutions (4 mg/L) with 20 μg/mL PS−MPs with different particle size (0.1, 1, 10,
50, and 100 μm). (B) Effect of different initial NP concentrations (4 and 20 mg/L) on time-sorption
capacity trends. (C) The desorption behavior of NP on the PS−MPs in the water environment (pH
7.0, 3.5% sodium chloride, 25 ± 2 ◦C and 150 r/min) and the warm-blood body gastrointestinal
environment (pH = 2.8, 15.5 mmol/L sodium taurocholate, 10 g/L of pepsin, 35 ± 2 ◦C and 100 r/min)
was investigated.

3.4. Adsorption Kinetics

The obtained data were analyzed with the pseudo-second-order, intra-particle diffu-
sion, and Bangham models. As shown in Table 2, the NP adsorption process of the PS-MPs
was best fitted with a pseudo-second order kinetic model with high correlation coefficient
(R2) values. The intra-particle diffusion kinetic model was more suitable for 0.1 μm PS-MPs
(R2 = 0.988) than for other particle sizes of the PS-MPs. The data from the intra-particle
diffusion rate constant k1p and the piece-wise fitting, C, of the 0.1 μm PS-MPs showed that
the NP easily diffused inside the PS-MPs, whereas intra-particle diffusion was not the only
rate-limiting step. Surprisingly, the Bangham kinetic model also gave good fittings for the
adsorption of NP by 0.1 μm PS-MPs, indicating that intraparticle diffusion is crucial for NP
adsorption by PS-MPs with small particle size. The kinetic model fitting curves mentioned
here can be found in Appendix A Figure A1.
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Figure 3. The effect of PS-MP particle size (A), initial NP concentration (B), solution pH (C), and
metal ions contained in the solution (D) on the adsorption process of NP. * indicates the significant
difference between the treatment group (0.1 μm PS-MPs, initial NP concentration of 4 mg/L, pH 7 and
control without metal ions, respectively) and other groups (* p < 0.05, ** p < 0.001, *** p < 0.0005).

Table 2. Kinetic parameters of NP adsorption by the PS-MPs obtained from the pseudo-second-order,
Intra-particle diffusion and Bangham models.

Kinetic Model
Particle Size (μm)

0.1 1 10 50 100

Pseudo-second-order model

k2 (g·mg−1·h−1) 127.567 27.779 18.979 66.961 13.285
qe (mg·g−1) 193.923 193.870 193.859 193.851 189.560

R2 0.9998 0.9998 0.9997 0.9982 0.9987

Intra-particle diffusion model

kip

(mg·g−1

min−1)

k1p 2.10013 0.15685 0.26952 1.30454 0.15907
k2p 0.20992 0.04903 −0.11312 0.02179 −0.55142
k3p −0.01188 −0.09727 −0.01576 −0.12874 0.19729

C (mg·g−1)
C1 191.949 192.81716 192.65587 192.38299 188.71922
C2 193.385 193.36525 194.11567 193.68406 191.49437
C3 193.944 194.37526 193.43371 194.81593 181.1686

R2 0.9875 0.4645 0.8277 0.9451 0.2302

Bangham model

k 6.35439 5.47685 5.40951 6.52911 7.89394
z 0.11868 0.02838 0.03225 0.12528 0.3395

R2 0.9519 0.2615 0.5853 0.7581 0.4534
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3.5. Adsorption Isotherm

Under a given system with a constant temperature and adsorption equilibrium, the
relationship between the concentration of the adsorbate and adsorbent can be described
by different equilibrium sorption isotherm models. The Langmuir, Freundlich, and D-R
isotherms are used frequently to describe the adsorption data. According to Table 3, the
adsorption of NP onto the PS-MPs was found to follow the Langmuir isotherm model since
the maximum adsorption capacity calculated by the Langmuir model is approximately
equal to the actual test results, suggesting that the PS-MPs had homogeneous surface sites,
and monolayer adsorption was occurring [26,27]. The value for the RL of the D-R isotherm
indicated the adsorption behavior of the PS-MPs was extremely favorable for NP. The
adsorption isotherm model-fitting curve mentioned here can be found in Appendix A
Figure A2.

Table 3. Langmuir and D-R parameters for NP sorption by PS-MPs with particle size of 0.1 μm.

Isotherm Model

Langmuir Model

qmax (mg·g−1) KL R2
RL

1 4 10 20 30 40 50

1665.6118 3.9657 0.9880 0.2014 0.0593 0.0246 0.0125 0.0083 0.0067 0.0050

D-R model

qmax (mg·g−1) KD-R (mol2·KJ−2) R2 E

19.5600 1.52938 × 108 0.8062 5.717 × 10−5

3.6. Cell Proliferation and Apoptosis
3.6.1. Cell Viability

Figure 4B shows that the toxicity of NP on Caco-2 cells seemed to be time- and
concentration-dependent. As shown in Figure 4A, 500 mg/L of PS-MPs with all particle
sizes tested except 0.1 μm had no significant cytotoxicity for 12 h, which suggested that
smaller particle sizes may cause more rapid damage. When treatment time was extended to
48 h, those PS-MPs with a bigger diameter (50 and 100 μm) decreased cell viability by about
12%, indicating a time dimension to their cytotoxicity. When the 0.1 μm PS-MPs intervened
in the Caco-2 cells synergistically with NP, the activity of the Caco-2 cells declined in a
time-dependent manner. There was no significant difference in cell viability between the
exposure to PS-MPs alone and PS-MP-adsorbed NP exposure (Figure 4C).

3.6.2. Cell Cycle

Problems with the cell cycle may also be a major reason for the interference in cell
proliferation. Figure 5A,B showed that, in comparison with the control group, the NP,
PS-MPs (with a diameter of 0.1, 10, 50, and 100 μm), or the 0.1 μm PS-MPs synergistic
with NP groups showed similar trends in early DNA synthesis: a significantly higher
proportion of cells in the G1 phase and a lower proportion of cells in the S and G2/M
phases. Compared with the 0.1 μm PS-MPs group, the 0.1 μm PS-MPs synergistic with the
NP group exhibited a higher proportion of cells in the G1 phase by about 6.5%.

3.6.3. Apoptosis

Our results showed that, compared with the control group, the NP, PS-MPs (with
diameters tested in this study), or 0.1 μm PS-MPs synergistic with NP induced significant
apoptosis in the Caco-2 cells, as shown in Figure 5C. The 48 h treatment of the larger PS-MPs
(with a diameter of 50 and 100 μm) resulted in a significant increase in the population of
both early and late apoptotic cells over the control group. The increase in the proportion
of cells undergoing apoptosis was significantly higher following exposure to 0.1 μm PS-

517



Water 2022, 14, 3288

MPs synergistic with NP treatment (17.7%) when compared to 0.1 μm PS-MP (10.5%) or
NP-alone (8.94%) treatment, which was mainly attributed to the greater proportion of
early apoptosis.

Figure 4. Effects of PS-MPs, NP, and synergistics on the cell viability of Caco-2 cells. Cells were
incubated alone with different particle sizes of 500 mg/L PS-MPs (A) and different concentrations of
NP (B) for 12 and 48 h. The effect of 0.1 μm PS-MPs alone and in combination with NP on Caco-2 cell
viability at 12 h and 48 h (C). Cell viability was measured by CCK-8 assay. * indicates the significant
difference between the treatment group and the control group (* p < 0.05, ** p < 0.001, *** p < 0.0005).
# indicates the significant difference between the marked groups (# p < 0.05, ### p < 0.0005).

3.7. Cell Function
3.7.1. Mitochondrial Depolarization

The destruction of mitochondrial membrane potential is considered to be one of the
earliest events in the process of an apoptosis cascade. JC-1 fluorescent dye was used to
detect the depolarization of cell mitochondrial membrane potential. Fluorescence images
of the cells were recorded, and the relative levels of the intensities of green/red JC-1
fluorescence were quantified.

As shown in Figure 6 and Appendix A Figure A3, after 48 h of treatment, PS-MPs of
various sizes caused a different degree of depolarization of the mitochondrial membrane
potential. Further, in comparison to 0.1 μm PS-MPs alone or NP alone treatments, a
statistical significance for MMP change was observed in the PS-MPs with adsorbed NP
group, pointing to a synergistic effect once again.

518



Water 2022, 14, 3288

Figure 5. Effects of 48 h treatment of PS-MPs, NP and synergistics on the cell cycle and apoptosis of
the Caco-2 cells. (A) Shows the proportion of cells in the G1 phase via different exposures. (B) Showed
the sum of the cells in the S and G2 phases via different exposures. Early and late apoptotic Caco-2
cells were analyzed by flow cytometry after Annexin V and PI staining. A statistical graph of the
percentage of cells in each phase was calculated (C). * indicates the significant difference between
the treatment group and the control group (** p < 0.001, *** p < 0.0005). # indicates the significant
difference between the marked groups (# p < 0.05, ### p < 0.0005).

3.7.2. Reactive Oxygen Species Production

Reactive oxygen species (ROS) are a group of chemically reactive chemical substances
containing oxygen, which play important roles in cell signal transduction and homeostasis.
In this study, the ROS change caused by the PS-MPs was roughly in accord with a time-
dependent manner (Figure 7). In comparison with the control group, large PS-MP (with a
particle size of 50 and 100 μm) treatment for 48 and 72 h resulted in a significant increase in
ROS generation, which suggested that larger PS-MPs have a greater potential to break the
oxidation–antioxidant balance of cells. In addition, compared with the NP group, 0.1 μm
PS-MPs synergistic with NP treatment resulted in a significant increase in ROS generation,
evidencing that the joint effect of the PS-MPs occurred.
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Figure 6. The mitochondrial membrane potential depolarization of Caco-2 cells treated
with 40 μmol/L NP, 500 mg/L PS-MPs (with different particle sizes), and 0.1 μm PS-MPs that
absorbed NP at 48 h; the fluorescence values were calculated by Image J software (National Institute
of Mental Health, USA) and the ratio of red to green fluorescence reflected the degree of mitochondrial
membrane depolarization (2). * indicates the significant difference between the treatment group
and the control group (** p < 0.001, *** p < 0.0005). # indicates the significant difference between the
marked groups (### p < 0.0005).

Figure 7. Effects of PS-MPs and NP on the generation of the intracellular ROS of Caco-2 cells at
48 (A) and 72 h (B), expressed as a ratio to the control group. * indicates the significant difference
between the treatment group and the control group (* p < 0.05, *** p < 0.0005). # indicates the
significant difference between the marked groups (## p < 0.001, ### p < 0.0005).

4. Discussion

Plastic polymers have been believed to be biochemically inert and not harmful to
ecosystem health for many years. However, there is a growing consensus that more
research is needed to explore the toxicological effects of MPs, especially when combined
with other contaminants. Previous studies have shown that combined exposure to MPs with
other contaminants may alter toxicokinetics [28]. Hence, this study aimed at systemically
examining the adsorption/desorption behavior of NP on PS-MPs with different particle
sizes and evaluating their cytotoxic effects on Caco-2 cells.

PS-MPs with different diameters caused various degrees of decline in intestinal cellar
proliferation. PS-MPs with smaller particle sizes caused a quick decrease, whereas larger
particle sizes (of PS-MPs) did not affect cell viability in the short term, which was consis-
tent with the studies of Zhang et al. [29]. There is a combined toxicity of nanoscale and
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micronscale plastic particles in the intestines [30]. Considering the accumulation of MPs in
the intestine, their toxicity will be amplified; a total of 48 days chronic exposure to MPs
triggered intestinal disorders [31]. As to the cell cycle, PS-MPs induced a G1 phase block,
verifying a former study that showed that high concentrations of nanomaterials can adhere
to the cell membrane to hinder the transport and adsorption of nutrients, which was related
to cell cycle arrest [32]. Furthermore, we speculated that impaired cell function might be
the main pathway of cell damage caused by PS-MPs, especially those of large particle sizes.
They induced ROS generation and mitochondrial permeability transition (MPT), which
correlates with the depolarization of the mitochondrial membrane potential and leads to an
apoptotic cascade [33]. Similarly, there have been distinct pieces of evidence that long-term
PS-MPs exposure may be a risk factor for kidney health and placental barriers [34,35].

In this study, PS-MPs were proven to have a high adsorbent of NP which may be due to
their large specific surface area and rich microporous structure. The data of NP desorption
from PS-MPs showed a linear increase in the aqueous environment, indicating that PS-MPs
with absorbed NP may possess chronic toxic effects with the reduced metabolism efficiency
of NP. Consistently, MPs acted as carriers and transport phthalate esters into organisms,
as well as inducing combined health risks [10]. Microporous adsorption and intra-particle
diffusion had a stronger influence on small-sized PS-MPs than on large particle sizes of PS-
MPs, suggesting that the smaller the particle size of the microplastics, the higher the risk of
synergistic toxicity [36]. Further studies were conducted with NP and smaller particle sizes
of PS-MPs (0.1 μm) to elucidate a general mechanism concerning reactive oxygen species,
mitochondrial membrane potential, apoptosis, and the cell cycle. Inversely, polycyclic
aromatic hydrocarbons could decrease the toxicity of the nanoplastics by enhancing their
stability, whereas metal oxide nanoparticles had the opposite effect [37]. Our results showed
that oxidative stress and mitochondrial dysfunction were the main pathways through
which PS-MPs destroy cell homeostasis. Similar results can be found in the study about
the toxic effects of PS-MPs with bisphenol A, which showed that the synergistic toxicity
of nano-scale polystyrene and bisphenol A was more obvious than that of polystyrene or
bisphenol A alone [38]. Additionally, M Vagner et al. demonstrated that nanoplastics had a
strong potential to cross the intestinal barrier [39]; thus, we speculate that the synergistic
cytotoxicity of PS-MPs and NP also damages other organs and even creating whole systemic
exposure risk, which requires further study. Furthermore, damage to the basic functions
of cells caused by PS-MPs combined with NP should not be underestimated, especially
considering that smaller particle-sized MPs can interact with the cellular components and
increase the accumulation of hazards or change the distribution of hazards.

5. Conclusions

The current work focused on the environmental behavior and in vitro toxicity of NP
on PS-MPs by using the results from desorption experiments in the intestinal or water
environment as a bridge. The adsorption process of PS-MPs and NP can be better described
by the pseudo-second-order kinetic model and Langmuir isotherm model, suggesting that
the adsorption process was presumably chemisorption and spontaneous. An analysis of
the NP adsorption of 0.1 μm PS-MPs using intra-particle diffusion and Bangham modeling
confirmed that pore adsorption was also a possible adsorption mechanism. The desorption
experiments showed that the biological environment significantly reduced the desorption
capacity of NP, while the desorption rate was non-linearly increased in an aqueous envi-
ronment. PS-MPs synergistic with NP can enhance the lethal toxicity of PS-MPs in Caco-2
cells. Both the PS-MPs and NP alone caused cellular oxidative stress, the depolarization of
mitochondrial membrane potential, and cell cycle arrest, indicating that PS-MPs and NP
may share the same mechanism, which can be seen as the main reason for the coordinated
cell dysfunction caused by the combined group. These data can be used to comprehen-
sively assess the environmental risks and human health threats from PS-MPs and NP. The
next step is to focus on the damage caused to the function of specific organelles, such as
mitochondria, lysosomes, and endoplasmic reticulum.
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Appendix A

Figure A1. The plots of adsorption kinetics fitted by pseudo-second-order kinetic (A), intra−particle
diffusion kinetics (B) and Bangham modes (C). The adsorption of NP (4 mg/L) and PS−MPs
(20 μg/mL) of different particle sizes were studied.
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Table A1. Adsorption kinetic and isotherm models used in this study.

Name Equations References

kinetics
Pseudo-first-order ln

(
qe − qt

)
= ln qe − k1t [40]

Pseudo-second-order t
qt

= 1
k2q2

e
+ 1

q t [41]

Intra-particle diffusion qt = kipt0.5 + c [42]
Bangham qt = qe

(
1 − e−ktz

)
[43]

isotherm
Langmuir ce

qe
= 1

klqm
+ ce

qmax
[44]

Freundlich ln qe = ln kF +
1
nf

ln ce [45]

D-R

ln qe = ln qm − KDRε
2

ε = RT ln
(

1 + 1
Ce

)
E = 1√

2KDR

[46]

In adsorption kinetics, qe and qt denote the adsorption capacity of the PS-MPs at the condition of equilibrium
and at the time t (h); k1 (h−1) is the rate invariable of the pseudo-first-order adsorption kinetic models; k2
(g·mg−1·h−1) is the pseudo-second-order rate invariable; kip (mg·g−1·h−0.5) represents the rate invariable of
intra-particle diffusion; C is a constant related to thickness and boundary layer. K is the adsorption rate constant
of the Bangham model, and Z is the adsorption constant. qe (mg·g−1) is the equilibrium adsorption capacity
of NP per unit adsorbent; ce (mg·L−1) is the equilibrium concentration of NP insolution; kL (L·mg−1) is the
Langmuir adsorption constant; qmax (mg·g−1) represents the theoretical maximum adsorption capacity; nf is
the surface heterogeneity factor and kF (mg·g−1) is the Freundlich partition co-efficient; KDR is the constant
related to adsorption energy (mol2·KJ−2); ε is Polanyi potential energy (KJ·mol−1); R is the gas constant, T is
the absolute temperature (K), and E is the average free energy of adsorption (KJ·mol−1), |E| < 8 (KJ·mol−1) is
physical adsorption, |E| > 16 (KJ·mol−1) is chemisorption.

Figure A2. Adsorption isotherm model fitting of 20 μg/mL 0.1 μm of MPs−PS with different
concentrations of NP. (A) Langmuir model fitting. (B) D−R model fitting.
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Figure A3. The mitochondrial membrane potential depolarization of Caco−2 cells treated by
40 μmol/L NP, 500 mg/L PS-MPs with different particle sizes, 0.1 μm PS−MPs that absorbed NP at
48 h. Representative photograph from an inverted fluorescence microscope.
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Abstract: Microplastics, remnants of macroplastics that have broken down to fragments
smaller than 5 mm, and nanoplastics, broken down even further to sizes < 1 μm, are
pervasive in aquatic ecosystems. These plastic particles are consumed by microscopic
organisms, leading to bioaccumulation up trophic levels. The accumulation of plastic in
the organismal gut can result in various repercussions, including cellular contamination
and genomic modifications such as DNA methylation. While methylation has been studied
in teleost fishes, the impact of nanoplastic exposure on this process in any species remains
largely unexplored. This study delves into this largely uncharted territory, investigating the
accumulation of methylation due to nanoplastic exposure within the genome of cultured
bluegill BF-2 cells (Lepomis macrochirus) using methylation-sensitive AFLPs. The methyla-
tion state was analyzed through capillary gel analysis and electropherograms. Differential
methylation occurred between several control and experimental groups due to nanoplastic
exposure; however, these differences were not dose- or time-dependent. These results
could suggest that higher dosages and exposure times to nanoplastics do not result in
increased methylation levels in congruence with the dosage and exposure time; rather, only
the presence of nanoplastics is enough to cause DNA methylation changes.

Keywords: microplastics; nanoplastics; marine plastic; epigenetics; methylation; bluegill
sunfish; MS-AFLPs

1. Introduction

1.1. Microplastics

Since the first reports of marine plastic debris in the early 1970s [1], the demand for
plastic has increased dramatically. Plastics are made from several different polymers, includ-
ing polyethylene, polypropylene, polystyrene, polyethylene terephthalate, and polyvinyl
chloride [2]. These polymers create a highly durable, lightweight, and cost-efficient material
with many applications, which has led to an explosion in the manufacturing and usage of
plastics in the decades since its invention. Due to its high durability and ubiquitous uses,
plastics are also a pervasive pollutant with a long residence time in the environment. For
instance, Chamas et al. (2020) reported that high-density polyethylene degraded at 0 to
11 μm/year, translating to an estimated half-life of 58 years for bottles and 1200 years for
pipes [3].

Much research has been conducted studying the pervasiveness of plastics in marine
ecosystems, with surveys indicating that 60–90% of marine debris is composed of plastics;
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however, many of these surveys focus primarily on macroplastics [4–8]. Microplastics,
however, are much more difficult to quantify. Unfortunately, research into the abundance
of microplastics in freshwater ecosystems has received less attention than in marine ecosys-
tems. Data on surface water abundance are deficient in larger water bodies and practically
non-existent in smaller waterways [9]. However, several recent studies have shown the
occurrence of microplastics in surface waters [10], sediment, and biota [11] of even rural
freshwater systems. In 2020, Gopinath et al. reported on the presence of microplastics
in both the sediment and surface water of the Red Hills Lake in Chennai City, India [12].
Microplastics were also reported in the surface water of the River Thames, United King-
dom [13]. Additional reports of microplastic pollution have also come from Lake Victoria,
East Africa [14]; Surabaya River, Indonesia [15]; Haihe River, China [16]; Ofanto River,
Italy [17]; and several other freshwater systems around the world [18]. This is unsurprising
as freshwater ecosystems are likely subject to the same pollution mechanisms as their
marine counterparts. Freshwater species are also expected to suffer the same or similar
impacts of microplastic consumption as marine species.

Microscopic aquatic organisms, such as zooplankton, have been documented to con-
sume microplastics, which bioaccumulate up trophic levels [19,20]. A study by Mattsson
et al. (2016) tracked the transfer of plastic particles from dosed algae (Scenedesmus sp.)
to zooplankton (Daphnia magna) to crucian carp (Carassius carassius) [20]. While plastic
fragments can be excreted or egested out of an organism’s system, bioaccumulation oc-
curs when the egestion mass is less than ingestion [19]. However, ingestion is not the
only way organisms can uptake plastic fragments. Plastic fragments can also be absorbed
through the gills, as was demonstrated by Watts et al. (2014) when crabs were exposed
to 8–10 μm polystyrene microplastics [21]. Absorption of microplastics through the gills
had a noticeably longer residence time within the body of crabs treated than those that
ingested them [21]. This is likely because there is no distinct route of excretion when plastic
fragments are taken in through the gills.

The accumulation of plastics in organisms can have severe consequences, including
reduced food uptake and starvation due to blockage in the digestive tract. Chemicals used
in producing plastics can also leach into the cells of organisms, and plastic fragments can
be transposed from the gut to adjacent tissues. Furthermore, microplastic fragments can act
as vectors for other contaminants, such as hydrophobic pollutants, significantly amplifying
the ecological impact. For instance, Tanaka et al. (2013) found polybrominated diphenyl
ethers in the abdominal adipose tissue of short-tailed shearwaters [22]. This compound
was only detected in plastic particles found in the stomachs of birds that tested positive
for the said chemical. Microplastic fragments can also hinder physical movement through
ingestion [23].

Microplastics can also be further broken down both in the environment and inside
the organism into nano-sized particles (10−9–10−7 m) [24–27]. These nano-sized particles
are believed to pose an even more significant threat than microplastics, as they can pass
through biological barriers [20], penetrating tissues [28], accumulating in organs [29], and
affecting the behavior and metabolism of organisms [20,30,31]. This highlights the urgent
need for further research and action to address this escalating issue.

Microplastic exposure has also been found to affect gene expression in model organ-
isms (Danio rerio) [32,33]. For instance, Karami et al. (2017) investigated how exposure
to pristine low-density polyethylene fragments at 5, 50, and 500 μg/L for 10 or 20 days
altered the expression of several biomarkers in zebrafish larvae [32]. While significant
changes were not observed in the selected biomarkers on days 10 or 20, transcription of
several critical biomarkers was markedly lower in the larvae on day 20 compared to day 10.
LeMoine et al. (2018) examined how exposure for 14 days to 5 and 20 mg/L concentrations
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of fluorescently labeled polyethylene particles affected the development, growth, and
metabolic rates of embryonic and larval zebrafish, as well as effects on the transcriptome of
the fish [33]. Again, transcriptomics via RNA sequencing revealed that widespread, yet
temporary, changes in gene expression occurred within 48 h of exposure during a critical
development period [33].

Differences in expression may also be linked to epigenetics, but little work has been
carried out to examine how microplastic exposure affects epigenomes via global methy-
lation changes. Exposure to bisphenol A—an essential component in the production of
plastics—has shown differentially methylated genes essential in axon targeting, synaptic
development, and neuronal survival in zebrafish embryos via whole-genome bisulfite
sequencing [34]. Given that most aquatic organisms intentionally or accidentally ingest
micro-/nanoplastics [21,35–40], it is entirely possible that exposure could alter the global
methylation state of the affected organisms. Alteration of global methylation can be inferred
from the studies conducted by LeMoine et al. (2018) and Olsvik et al. (2019) [33,34]; how-
ever, it has not been directly studied how whole microplastics affect the global methylation
in the fish genome.

1.2. Epigenetics and DNA Methylation

Epigenetics studies genomic modification in organisms due to environmental condi-
tions [41]. These genome modifications are not changes to the DNA sequence itself but,
instead, affect how genes are regulated by the cell [42] and can, in turn, cause variation
in morphology [43–45]. Examples of epigenetic changes include chromatin remodeling,
deacetylation and modification of histones, position effects, and interference by small
RNAs [46]. However, the epigenetic mechanism that has been studied the most is DNA
methylation. Methylation is most commonly seen when a methyl group is attached to
a cytosine followed by a guanine, known as CpG sites [47], and is often associated with
decreased gene activity [47,48].

Methylation is naturally seen in the genome through the removal and addition of
methyl groups via demethylases and methyltransferases, which alter the structure and
function of the chromatin and, therefore, promote and silence gene transcription, respec-
tively [49]. Specific methylation patterns can naturally be seen in response to development
and cellular differentiation [50,51] and sex determination [52]. External factors, like tem-
perature [53,54] and environmental contaminants [55,56], can also alter the methylation
state of impacted organisms. As such, unnatural methylation could potentially repress
the transcription of essential genes, hindering important cell functions, such as hormone
production [54]. Changes in patterns of whole-genome DNA methylation can also be
significant in development and cellular differentiation, as has been well documented in
mammals [57]. These changes have also been studied in fungi, plants, and invertebrate
animals [58–60].

All organisms naturally accumulate methylation in their genomes throughout their
lives, and a certain degree of methylation is necessary for natural processes, such as develop-
ment and growth [50,51]. For instance, DNA methylation is related to cell morphology and
metabolism through gene expression regulation and epigenetic stability, and deviant DNA
methylation can modify cytoskeletal organization genes (i.e., genes like RhoA and Rac1,
critical regulators of actin cytoskeleton remodeling), affecting cell shape, adhesion, and
migration [61–63]. However, the presence of pollutants, such as plastics, in the environment
could exacerbate the methylation process and affect cell function. An increasing number of
studies have begun to look at the effects of environmental pollutants, like microplastics or
chemicals, and how these toxicants change the methylation patterns in exposed organisms,
especially in marine fishes.
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Nanoplastics have been shown to induce DNA methylation changes through several
mechanisms at the molecular level. One key mechanism is oxidative stress, triggered by
increased reactive oxygen species production due to nanoplastic exposure [64,65]. This
oxidative stress can activate epigenetic regulatory mechanisms, such as DNA methyl-
transferases, which modify cytosine residues in CpG islands and potentially silence gene
expression. For example, altered methylation patterns can affect stress-related and DNA
repair genes and apoptotic pathways due to reactive oxygen species activity and associated
damage responses [64]. Direct interaction of nanoplastics with cellular machinery is another
mechanism that can induce methylation alterations, as nanoplastics have also been shown
to disrupt mitochondrial function and impair autophagy, further escalating cellular stress
responses. This cascade can lead to abnormal activation or repression of methylation-
related pathways, affecting genes involved in inflammation, metabolism, and other critical
processes [65]. Transgenerational effects are also possible, as studies have shown that
nanoplastics can induce changes in germ cells, suggesting that epigenetic alterations may
be heritable, which could be concerning for long-term health and development [66].

1.3. Bluegill Sunfish

Bluegill sunfish (Lepomis macrochirus), the focus species of this study, is a common fish
native to the freshwater lakes, rivers and streams, ponds, reservoirs, and swamps of North
America, ranging from Canada to northern Mexico [67]. Lepomis macrochirus has also been
introduced to many countries worldwide, including Brazil, Iran, Japan, Korea, Madagascar,
the Philippines, and Venezuela [67]. Generally, L. macrochirus inhabits silty, sandy, or gravel
substrates near rooted aquatic plants in shallow waters up to a depth of 5 m [67].

Because L. macrochirus is widespread and prolific, it has been the focus of many
ecotoxicological studies [68–71]. The use of L. macrochirus as a model organism is likely
attributable to the ability to perform cell culture on BF-2 caudal trunk cell lines derived from
bluegills, which have been suggested to be sensitive indicators of aquatic pollutants [71],
negating the need for aquaculture of the whole animal.

As such, this study aimed to investigate how prolonged and increasing amounts of
microplastic exposure can affect the genome of L. macrochirus BF-2 cell lines by looking
at differential methylation of CpG sites using methylation-sensitive AFLPs (MS-AFLPs).
Downregulation of proteins due to methylation could have consequences on reproduction,
metabolism, growth, and development, as well as other biological processes of bluegills
and other aquatic organisms. The results of this study are beneficial for this field of research,
as knowing the global ramifications of plastic pollution on the epigenome will help to
inform more targeted studies in the future.

2. Materials and Methods

2.1. Culture of BF-2 Cells

Bluegill BF-2 cells (ATCC CCL-91) [72,73] were acquired from C. Lavelle (Environmen-
tal Protection Agency) and were stored in liquid nitrogen. When ready to begin culturing,
the frozen BF-2 cells were resuscitated using standard methods [74]. The complete me-
dia used comprised 500 mL HyClone™ Minimum Essential Medium (MEM) (Cytiva®;
Marlborough, MA, USA), 10% fetal bovine serum (FBS; 50 mL), and 1× Gibco™ Antibiotic-
Antimycotic (100×; 5.5 mL; ThermoScientific®; Waltham, MA, USA). Upon completion of
the resuscitation protocol, the cells were transferred to a sterile T-25 flask and incubated at
37 ◦C, 5% CO2, until the flask was at least 90% confluent.

To obtain adequate cells for three 6-well plates, the cells were split and plated onto
three T-75 flasks. All subsequent subculturing of the BF-2 cells was carried out using
standard methods [74]. When the cultures in the T-75 flasks reached a 95% confluency,
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cells were split evenly into each well of a 6-well plate, with the top left well serving as
the control. The remaining five wells were then dosed with microplastics according to the
experiment’s parameters. Three plates were created for each experiment for three sampling
time points (T1 = 24 h, T2 = 48 h, and T3 = 72 h). Following the dosing period for each plate,
the cells were gathered, and 2 mL of cells were transferred to labeled 2 mL Eppendorf tubes
and pelleted at 9000 rpm for 3 min, and the supernatant was aspirated off. The media of
each plate was also replaced every 24 h until the cells were ready to be sampled.

2.2. Nanoplastic Treatment

The experimental cultures were dosed with 0.04–0.06 μm Spherotech® (Lake Forest, IL,
USA) nile red fluorescently dyed polystyrene nanoplastic particles with a base concentration
of 2.84 × 1011 particles at time 0 for each experiment, which is a dosage much higher than
environmentally relevant concentrations. However, bioaccumulation of nanoplastics within
cells and tissues of wild populations is not well quantified, so nanoplastic concentrations
within organisms could be much higher than in the surrounding environment. As such,
this was the smallest concentration that could be reliably quantified.

Specifically, four different experiments were employed. Experimental cultures in
experiment I were continually dosed at the base concentration for T1, T2, and T3 (Table 1).
Control cultures for each experiment were not dosed with microplastic particles. In experi-
ment II, all experimental cultures were given an initial dose of 5.68 × 1011 particles, and
plates 1, 2, and 3 were sampled at T1, T2, and T3, respectively (Table 1). For experiment III,
all experimental cultures were given an initial dose of 8.52 × 1011 particles, and plates 1,
2, and 3 were sampled at their respective time points, T1, T2, and T3 (Table 1). Lastly, for
experiment IV, all the experimental cultures were dosed with the base concentration, and
plate 1 was sampled at T1; at this time, plates 2 and 3 were dosed with 5.68 × 1011 particles.
At T2, plate 2 was sampled, and plate 3 was dosed with a final concentration of 8.52 × 1011

particles and then sampled at T3 (Table 1). This strategy for experiment IV was used to
mimic bioaccumulation.

Table 1. Total concentrations of nanoplastic particles for each plate in the three time periods for
experiments I, II, III, and IV.

Experiment Time Period Total Concentration (Particles)

I (Low Concentration)
T1 (24 h) 2.84 × 1011

T2 (48 h) 2.84 × 1011

T3 (72 h) 2.84 × 1011

II (Medium Concentration)
T1 (24 h) 5.68 × 1011

T2 (48 h) 5.68 × 1011

T3 (72 h) 5.68 × 1011

III (High Concentration)
T1 (24 h) 8.52 × 1011

T2 (48 h) 8.52 × 1011

T3 (72 h) 8.52 × 1011

IV (Bioaccumulation)
T1 (24 h) 2.84 × 1011

T2 (48 h) 5.68 × 1011

T3 (72 h) 8.52 × 1011

2.3. MS-AFLP Analysis of the Methylation State

The following protocol was derived from protocols published by Vos et al. (1995) [75],
who described one of the original AFLP protocols, and Xiong et al. (1999) [76], with
modifications from personal communication (J.M. Whitaker).

DNA was extracted from the preserved culture samples using the DNeasy Blood and
Tissue Kit (Qiagen®; Hilden, Germany). Extracted DNA samples were then run through the
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following MS-AFLP protocol. DNA concentration was determined using a Nanodrop 2000
Spectrophotometer (ThermoScientific®). The final DNA concentration was 40–60 ng/μL.

The digestion reaction master mix added to 4 μL of sample DNA consisted of 4.5 U
EcoRI enzyme (0.45 μL), 3 U HpaII/MspI enzyme (0.3 μL), 3.5 μL 10× NEB buffer, 0.2 μL
0.1% BSA, and 11.55 μL ddH2O to reach 20 μL [77]. See Figure S1 in Supplementary
Materials for information on when the HpaII and MspI enzymes will cut CpG sites. The
reaction was incubated for 4 h at 37 ◦C and then inactivated at 65 ◦C for 10 min. The
restriction enzymes and buffer were purchased from New England Biolabs® (Ipswich,
MA, USA).

Following digestion, double-stranded adaptors were ligated to the ends of the restric-
tion fragments. Ligation was performed at 16 ◦C for 17 h using 10 μL digested DNA, 350 U
T4 DNA ligase (0.875 μL), 2.0 μL 10× T4 DNA ligase buffer, 2.0 μL 5 μM EcoRI adaptors
(Table S1 in Supplementary Materials), 5.0 μL 50 μM HpaII/MspI adaptors (Table S1 in
Supplementary Materials), and 0.125 μL ddH2O to reach 20 μL [77]. The DNA ligase and
buffer were purchased from New England Biolabs® (Ipswich, MA, USA).

Pre-selective PCR of the ligated DNA product was completed with the following
reaction master mix: 2.0 μL DreamTaq (ThermoScientific®) PCR buffer, 0.5 μL 10 mM
dNTPs, 2.0 μL 10 μM EcoRI primer (Table S1 in Supplementary Materials), 2.0 μL 10 μM
HpaII/MspI primer (Table S1 in Supplementary Materials), 0.6 μL 5 U/μL DreamTaq
polymerase, and 11.9 μL ddH2O. This master mix results in 19.0 μL per reaction that was
aliquoted and added to 1.0 μL of ligated DNA for a total reaction volume of 20 μL. The
reactions were run on the following thermocycler protocol with an initial denaturing step
of 94 ◦C for 5 min, followed by 94 ◦C for 30 s, 56 ◦C for 1 min, and 72 ◦C for 1.5 min for
25 cycles. A final extension was performed at 72 ◦C for 10 min, then 60 ◦C for 30 min, and
held at 4 ◦C indefinitely [68]. Once the PCR was completed, 10 μL of PCR product from
each reaction was diluted in 90 μL of milli Q water and run on a 1–2% agarose gel to ensure
amplification occurred.

The selective PCR master mix was created as follows: 2 μL DreamTaq PCR buffer,
0.5 μL 10 mM dNTPs, 1.5 μL 10 μM FAM labeled EcoRI primer (Table S1 in Supplementary
Materials), 1.5 μL 10 μM HEX labeled EcoRI primer (Table S1 in Supplementary Materials),
1 μL 5 μM CAT/CAC primer (Table S1 in Supplementary Materials), 0.6 μL DreamTaq
polymerase, and 7.9 μL ddH2O. Two different primer combinations, master mix A (MMA)
and master mix C (MMC), were used on all samples for selective PCR; the reagents and
volumes used for MMA and MMC are summarized in Table S2 in Supplementary Materials.
The 15 μL of the master mix was then aliquoted and added to 5.0 μL of the dilute pre-
selective PCR product for a total reaction volume of 20 μL. The reaction mixtures were then
run on the standard thermocycler protocol: (1) 94 ◦C for 5 min, (2) 94 ◦C for 30 s, (3) 64 ◦C
for 30 s decreasing by 0.7 ◦C per cycle, (4) 72 ◦C for 1.5 min, (5) go to step 2 13×, (6) 94 ◦C
for 30 s, (7) 56 ◦C for 30 s, (8) 72 ◦C for 2 min, (9) go to step 6 20×, (10) 72 ◦C for 10 min,
(11) 60 ◦C for 30 min, and 12) 4 ◦C indefinitely [77]. Selective PCR products were then run
through capillary electrophoresis at Yale’s DNA Analysis Facility on Science Hill.

2.4. Fragment and Statistical Analysis

Fragment analysis was performed by S.M. Wilkinson using Geneious Prime 2020.1.2
(Auckland, New Zealand) and the Microsatellite plugin [78]. Fragments less than 70 bp and
greater than 500 bp were excluded from the analysis, as they fell outside the size standard
used. Fragments were scored in a binary fashion with uninformative states in which a peak
absent from both reactions was scored as missing [79]. Using this binary data, the results of
the restriction fragments were run through the msap package [80] in R [81].
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For the determined methylation susceptible loci (MSL) in each grouping, the frequen-
cies of unmethylated, hemimethylated, internal cytosine methylated, and fully methy-
lated/target absent loci were ascertained. These frequencies were revealed by grouping the
experimental cultures to determine the average methylation and comparing the average
to the control culture for the respective time group. Experimental cultures were grouped
by their time groups (T1, T2, and T3) for each experiment. Statistically significant differ-
ences between the frequencies of methylated loci between the controls and experimental
time groups, as well as between the time groups (T1 × T2, T1 × T3, and T2 × T3), were
determined via the χ2 test (chisq.test()) function [82] in R [83]. Statistical significance was
determined using a p-value < 0.05.

3. Results

The MS-AFLP protocol used in this study provided polymorphisms for data analysis.
Specifically, two primer combinations (MMA and MMC) allowed many polymorphisms to
be detected; 51–130 peaks out of the 232–306 scored peaks (21.5–46.4%) were polymorphic.
The frequencies of MSL and non-methylated loci (NML) for each time group in each
experiment as determined by msap are summarized in Table 2 for MMA and Table 3 for
MMC. For MMA, most loci (64.1–78.6%) were shown to be methylation-susceptible, while
only 21.4–35.9% of loci were not methylation-susceptible. Most of the polymorphisms also
fell into the category of MSL, with 64–116 (33.2–52.7%) polymorphic loci, while few of
the NML were polymorphic, 0–14 (0–23.3%). For MMC, most loci (59.5–70.6%) were also
methylation-susceptible, and non-methylated loci comprised only 29.4–40.5% of the loci
found. MMC also displayed many polymorphic MSL (32.2–43.2%) and a comparatively
low frequency of NML (0–10%).

Table 2. Number of methylation-susceptible loci and non-methylated loci and the number of poly-
morphic methylation-susceptible loci (MSL) and non-methylated loci (NML) for each time group in
each experiment for master mix A (MMA).

Experiment
Number of MSL Number of NML

Number of
Polymorphic MSL

Number of
Polymorphic NMLNumber Time

I
T1 220 (78.6%) 60 (21.4%) 116 14
T2 211 (75.4%) 69 (24.6%) 81 4
T3 199 (71.1%) 81 (28.9%) 69 5

II
T1 206 (73.8%) 73 (26.2%) 83 0
T2 198 (71.0%) 81 (29.0%) 80 1
T3 189 (67.7%) 90 (32.3%) 64 2

III
T1 182 (65.5%) 96 (34.5%) 70 8
T2 181 (65.1%) 97 (34.9%) 64 1
T3 186 (66.9%) 92 (33.1%) 64 2

IV
T1 203 (66.3%) 103 (33.7%) 91 4
T2 196 (64.1%) 110 (35.9%) 65 7
T3 216 (70.6%) 90 (29.4%) 77 2

Table 3. Number of methylation-susceptible loci and non-methylated loci and the number of poly-
morphic methylation-susceptible loci (MSL) and non-methylated loci (NML) for each time group in
each experiment for master mix C (MMC).

Experiment
Number of MSL

Number of
NML

Number of
Polymorphic MSL

Number of
Polymorphic NMLNumber Time

I
T1 151 (65.1%) 81 (34.9%) 55 2
T2 162 (69.8%) 70 (30.2%) 62 7
T3 139 (59.9%) 93 (40.1%) 48 3
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Table 3. Cont.

Experiment
Number of MSL

Number of
NML

Number of
Polymorphic MSL

Number of
Polymorphic NMLNumber Time

II
T1 149 (60.1%) 99 (39.9%) 59 0
T2 175 (70.6%) 73 (29.4%) 70 3
T3 168 (67.7%) 80 (32.3%) 67 2

III
T1 144 (59.5%) 98 (40.5%) 58 2
T2 160 (66.1%) 82 (33.9%) 60 0
T3 162 (66.9%) 80 (33.1%) 61 7

IV
T1 185 (67.3%) 90 (32.7%) 80 2
T2 171 (62.2%) 104 (37.8%) 55 4
T3 189 (68.7%) 86 (31.3%) 63 1

3.1. MMA

The percentage of no methylation, hemimethylation, internal cytosine methylation,
and full methylation for each time group and experiment for MMA can be seen in Table 4
and Figure 1, along with the p-values from the χ2 analysis between each time group and
its respective control and between temporal groups in Table 5. There did not seem to be a
pattern of a specific time group showing statistically significant differential methylation,
as the only statistically significant time groups were T3 in experiment I, T2 and T3 in
experiment III, and T1 in experiment IV. Interestingly, methylation patterns between the
different time groups showed less variation with each other than each group displayed
with its control, which might suggest exposure time is not a significant factor for any
increased methylation, and only the presence of microplastics is enough to cause differential
methylation (Tables 4 and 5).

Table 4. Percentage of loci of the experimental time groups T1, T2, and T3 and their respective
control groups that are either unmethylated, hemimethylated, internal cytosine methylated, or fully
methylated using MMA; comparisons of the methylation state between controls and the respective
experimental group that were statistically significant are in bold.

Experiment Number C1 T1 C2 T2 C3 T3

I

No Methylation 17.73% 18.38% 21.33% 13.74% 17.09% 13.15%
Hemimethylation 10% 10.97% 14.69% 10.16% 10.55% 11.47%

Internal Cytosine Methylation 18.18% 23.96% 18.48% 25.8% 56.28% 26.21%
Full Methylation 54.09% 46.69% 45.5% 50.3% 16.08% 49.16%

II

No Methylation 31.55% 18.12% 31.31% 17.53% 15.34% 13.68%
Hemimethylation 7.77% 13.11% 12.63% 10.89% 13.23% 8.31%

Internal Cytosine Methylation 28.16% 23.22% 16.67% 23.74% 20.11% 25.25%
Full Methylation 32.52% 45.55% 39.39% 47.84% 51.32% 52.76%

III

No Methylation 21.15% 16.58% 25.41% 14.36% 26.34% 14.58%
Hemimethylation 12.09% 9.43% 7.74% 13.26% 5.38% 10.22%

Internal Cytosine Methylation 25.27% 23.90% 35.91% 19.26% 29.03% 18.35%
Full Methylation 41.48% 50.09% 30.94% 53.12% 39.25% 56.85%

IV

No Methylation 35.47% 18.37% 15.82% 16.69% 16.67% 17.52%
Hemimethylation 6.90% 11.40% 15.82% 9.55% 31.48% 16.59%

Internal Cytosine Methylation 30.05% 20.76% 16.33% 24.85% 10.19% 12.96%
Full Methylation 27.59% 49.47% 52.04% 48.91% 41.67% 52.93%
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Figure 1. Bar graphs showing the percentage of loci that were either unmethylated, hemimethylated,
internal cytosine methylated, or fully methylated and comparing time groups T1 (24 h), T2 (48 h),
and T3 (72 h) to their respective controls for MMA; (A) shows the results for experiment I (low
concentration); (B) shows the results for experiment II (medium concentration); (C) shows the results
for experiment III (high concentration); (D) shows the results for experiment IV (bioaccumulation).

Table 5. χ2 values for experiments I, II, III, and IV comparing time groups T1 (24 h), T2 (48 h), and T3

(72 h) to their respective controls, as well as the different time groups to each other for MMA; below
the diagonal, the χ2 statistic is provided for each comparison; above the diagonal, p-values for each
comparison are provided, and bolded p-values are statistically significant.

Experiment Number Control T1 T2 T3

I (Low Concentration)

Control 0.7141 0.2703 3.162 × 10−6

T1 1.364 0.8245 0.7908
T2 3.919 0.904 0.9908
T3 28.286 1.043 0.109

II (Medium
Concentration)

Control 0.0539 0.1082 0.6104
T1 7.647 0.9643 0.5107
T2 6.072 0.277 0.775
T3 1.821 2.309 1.109

III (High Concentration)

Control 0.6303 0.0015 0.0147
T1 1.730 0.707 0.7252
T2 15.398 1.394 0.9092
T3 10.512 1.317 0.544

IV (Bioaccumulation)

Control 0.0024 0.3296 0.0977
T1 14.449 0.8933 0.4067
T2 3.433 0.614 0.121
T3 6.305 2.904 5.814
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3.2. MMC

As with MMA, the percentage of no methylation, hemimethylation, internal cytosine
methylation, and full methylation for each time group and experiment for MMC can be
seen in Table 6 and Figure 2, and the p-values from the χ2 analysis between each time
group and its respective control and between temporal groups in Table 7. Also, as with
the experiments run through MMA, there was no clear pattern of statistically significant
differential methylation, and T1 × T2, T1 × T3, and T2 × T3 tended to show less variation
with each other than the time groups showed with their controls (Tables 6 and 7). The only
statistically significant time groups were T3 in experiment I, T1 and T2 in experiment II, T2

and T3 in experiment III, and T3 in experiment IV.

Table 6. Percentage of loci of the experimental time groups T1, T2, and T3 and their respective
control groups that are either unmethylated, hemimethylated, internal cytosine methylated, or fully
methylated using MMC; comparisons of the methylation state between controls and the respective
experimental group that were statistically significant are in bold.

Experiment Number C1 T1 C2 T2 C3 T3

I

No Methylation 15.23% 15.14% 16.98% 16.68% 20.86% 13.07%
Hemimethylation 17.22% 10.79% 22.22% 14.03% 12.95% 16.91%

Internal Cytosine Methylation 19.87% 22.23% 14.81% 21.54% 42.45% 24.22%
Full Methylation 47.68% 51.84% 45.99% 47.75% 23.74% 42.80%

II

No Methylation 34.23% 20.02% 29.71% 19.59% 17.26% 16.50%
Hemimethylation 16.11% 16.33% 13.14% 13.14% 21.43% 12.16%

Internal Cytosine Methylation 30.87% 25.62% 29.71% 21.63% 14.88% 19.98%
Full Methylation 18.79% 38.03% 27.43% 45.63% 46.43% 51.36%

III

No Methylation 23.61% 18.29% 28.75% 15.62% 28.40% 15.28%
Hemimethylation 15.97% 17.36% 23.15% 22.86% 9.88% 14.89%

Internal Cytosine Methylation 24.31% 16.78% 25.00% 14.46% 24.69% 16.82%
Full Methylation 36.11% 47.57% 23.13% 47.05% 37.04% 53.01%

IV

No Methylation 28.65% 18.30% 12.87% 16.21% 8.47% 13.84%
Hemimethylation 14.05% 15.37% 24.56% 17.29% 41.80% 20.46%

Internal Cytosine Methylation 23.24% 17.84% 16.37% 24.23% 11.64% 16.40%
Full Methylation 34.05% 48.49% 46.20% 42.27% 38.10% 49.29%

Table 7. χ2 values for experiments I, II, III, and IV comparing time groups T1 (24 h), T2 (48 h), and T3

(72 h) to their respective controls, as well as the different time groups to each other for MMC; below
the diagonal, the χ2 statistic is provided for each comparison; above the diagonal, p-values for each
comparison are provided, and bolded p-values are statistically significant.

Experiment Number Control T1 T2 T3

I (Low Concentration)

Control 0.6187 0.3717 0.0053
T1 1.783 0.8788 0.4922
T2 3.132 0.676 0.7799
T3 12.715 2.408 1.088

II (Medium Concentration)

Control 0.0133 0.0485 0.3118
T1 10.726 0.7109 0.3037
T2 7.883 1.377 0.8717
T3 3.570 3.635 0.706

III (High Concentration)

Control 0.2978 0.0019 0.0258
T1 3.683 0.768 0.8606
T2 14.855 1.138 0.5281
T3 9.278 0.753 2.220

IV (Bioaccumulation)

Control 0.1341 0.3417 0.0126
T1 5.577 0.6512 0.7034
T2 3.343 1.636 0.4752
T3 10.848 1.409 2.500
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Figure 2. Bar graphs showing the percentage of loci that were either unmethylated, hemimethylated,
internal cytosine methylated, or fully methylated and comparing time groups T1 (24 h), T2 (48 h),
and T3 (72 h) to their respective controls for MMC; (A) shows the results for experiment I (low
concentration); (B) shows the results for experiment II (medium concentration); (C) shows the results
for experiment III (high concentration); (D) shows the results for experiment IV (bioaccumulation).

4. Discussion

In this study, MS-AFLPs revealed that the majority of loci in bluegill BF-2 cell lines
across both master mixes and all four experiments were methylation-susceptible and,
therefore, vulnerable to epigenetic change as a result of nanoplastic exposure. MSL also
displayed far more diversity in the form of more polymorphisms than their non-methylated
counterparts. As for the estimated methylation patterns among the MSL, these results were
unexpected. It did not appear that any one concentration or exposure time equated to
significantly more methylation within the sampled genomes, but rather, the mere presence
of nanoplastics could alter the methylation state. Perhaps the most interesting results were
that the different time groups for each of the four experiments showed less differentiation
with each other than they did with the controls. This suggests that exposure time was not a
significant factor for increased methylation in the experimental cultures and that only the
presence of nanoplastics is enough to cause methylation.

Full methylation of the experimental cultures never exceeded 56.85%, but generally,
the frequency of full methylation fell well below this number. Perhaps this presents a
threshold for the maximum amount of methylation for continued cell functionality in
bluegills. It would be interesting to determine the maximum methylation allowed before
cell death occurs, as this could be useful knowledge for future ecotoxicology studies and
determining the bare minimum genes that must be expressed for continued cell function-
ality. However, a study conducted by Morán et al. (2013) found that full methylation in
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brown trout (Salmo trutta) gill tissue was noticeably higher (57.5–63.6%) than the numbers
reported in the current study, with the control group having a full methylation frequency
of 61.8% [83]. However, gonad, kidney, and gill tissue in half-smooth tongue sole (Cynoglos-
sus semilaevis) displayed full methylation frequencies of 15.97 ± 1.22%, 17.5 ± 4.11%, and
16.68 ± 5.34%, respectively, in females and 17.47 ± 7.04%, 18.64 ± 5.60%, and 12.06 ± 7.21%,
respectively, in males [77]. As brown trout and bluegill are both freshwater species, perhaps
this suggests that freshwater fish have higher frequencies of full methylation than their
marine counterparts, like the half-smooth tongue sole. However, differences in methylation
patterns between marine and freshwater fish warrant further investigation.

This is an emerging field of study, as most studies in a similar vein have not looked at
the global methylation response to plastic exposure, and very little research involving micro-
or nanoplastics is available to compare with our results directly; therefore, it is difficult
to say whether the results of this study fit a pattern seen in response to plastic exposure.
However, bluegill BF-2 cells have been used in other ecotoxicological studies. Srikanth et al.
(2018) used bluegill cells to investigate how graphene oxide exposure induced cytotoxicity
and oxidative stress [70], and Poornavaishnavi et al. (2019) used bluegill BF-2 cells to assess
oxidative stress, cytotoxicity, and morphological changes in response to nickel nanoparticles
(Ni NPs) [71]. Both studies showed that cell toxicity was both dose- and time-dependent.
An organismal study involving exposure of Mozambique tilapia (Oreochromis mossambicus)
to Ni NPs also confirmed the results of Poornavaishnavi et al. (2019) [71] in the whole
animal [84], suggesting that results obtained in vitro can be extrapolated to entire organisms
and, therefore, natural populations.

Though the current study employs different methods to determine a different outcome,
the effects of Ni NPs and graphene oxide show that increases in cell damage can be
linked to toxicant dosage and length of exposure. Similar results were expected for the
current study, as research into the impacts of nanoparticles within the cell, such as the
Srikanth et al. (2018) study [70], showed adverse effects across a wide range of contaminants
and organisms. Given the mixed results of the current study, further investigation is
required to gain a clearer picture of the toxicological effects of plastic nanoparticles. While
no conclusive evidence showed that methylation was dose- or time-dependent, the presence
of nanoplastics did cause significant increases in methylation in several of the experimental
cultures and should be further investigated to determine if these increases could also be
dose- and/or time-dependent.

Transcriptional changes due to microplastic exposure have been studied in ze-
brafish [32,33], but the subject of how micro-/nanoplastics change methylation within
the genome of teleost fish is decidedly lacking. However, it has been well documented that
aquatic organisms of all kinds ingest microplastics at an alarming rate [38,85,86]. Bluegills
in the Brazos River Basin, Texas, specifically—and their sister species, longear (Lepomis
megalotis) sunfish—were documented ingesting micro- and macroplastics [85]. Peters and
Bratton (2016) also found that sunfish in the two largest size classes (10.1–13.9 cm and
≥14 cm) had the highest ingestion frequency [85]. It is concerning that the larger fish seem
to be ingesting plastics at a higher frequency, because egg production is exponentially
linked to body length, with larger females producing the most eggs. Aberrant methylation
levels have also been shown to cause serious damage in the form of changes in gene ex-
pression and/or genomic rearrangements [87]. Further, European seabass (D. labrax) larvae
demonstrated a masculinization of the female gonadal tissue due to increased methylation
in response to higher-than-normal temperatures [54]. It is unknown if a similar response
would occur due to micro-/nanoplastic exposure; however, a similar reaction in fish larvae
or even adult fish could have a detrimental effect on egg production or reproduction in
general, which could lead to a trophic cascade.
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Another notable finding within the current study was that nearly all the time groups
across the four experiments did show increased methylation compared to their controls;
although there was not always a significant difference, there was an increasing trend.
The controls for each experiment also showed a trend of increased methylation as time
progressed. DNA methylation is a sensitive process and can be altered by many natu-
ral and unnatural phenomena, such as temperature, improper nutrition, and pollutants.
Though the media for each culture was changed daily, it is possible that with the cultures
at full confluency at T2 and T3, there was a buildup of waste products that increased
methylation within the controls and skewed methylation patterns in favor of a statistically
insignificant result.

Fish at all trophic levels play an essential role within the ecosystem, and abnormally
high methylation levels could hinder optimal cellular function. Physiological responses
to microplastic exposure, such as diminished egg production, could further stress already
burdened aquatic ecosystems, which could have far-reaching impacts even on human food
supplies. It is also possible that problems encountered by aquatic organisms in response to
the ingestion of microplastics could also manifest themselves in humans. In fact, Leslie et al.
(2022) conducted a novel biomonitoring study looking for plastic particles ≥700 nm in
whole human blood [88]. Between the 22 individuals sampled, the average concentration
of quantifiable plastic particles was 1.6 μg/mL [88]. Another study by Wang et al. (2022)
examined metabolic alterations in human cells in response to polystyrene nanoplastics, and
it was found that 16.46% of the quantified proteins and 17% of the quantified metabolites
displayed altered levels in response to the plastic particles [89]. As transcriptional changes
leading to down-regulation of proteins can and do occur due to epigenetic alterations, it is
entirely possible that epigenetic changes in response to the polystyrene nanoplastics could
have led to the metabolic changes seen by Wang et al. (2022) [89]. A similar reaction to
nanoplastic exposure would be expected in the bluegill epigenome; as this study explored
only global methylation patterns and did not differentiate if any specific biomarkers were
down-regulated, further investigation is warranted to determine if particular genes are also
depressed in response to nanoplastic exposure.

Microplastics have a known anthropogenic impact on aquatic ecosystems and their
inhabitants, so to ensure aquatic ecosystems remain healthy and functional and to under-
stand the effects micro-/nanoplastics may even have on humans, it would be prudent
to investigate how micro-/nanoplastics affect methylation in both fish and other organ-
isms’ genomes further. Given the current study’s results, it seems that exposure to plastic
nanoparticles does increase methylation within bluegill BF-2 cells. It cannot be said that this
increase in methylation was dose- or time-dependent. Yet, there appeared to be an increase
in methylation between nearly every experimental group and their controls, even though
some were not significantly different. In future methylation micro-/nanoplastic studies,
increasing the number of controls and experimental groups per time period would help
negate the effects of any outlier cultures with increased methylation due to temperature
fluctuations, waste product buildup, or other unforeseen factors. It would also be essential
to look for physiological responses from the cells, such as cytotoxicity and oxidative stress,
in response to plastic contamination.

However, as stated in the Materials and Methods Section, the dosages used in the
present study were not environmentally relevant concentrations. Unfortunately, a decided
lack of global standards exists for sampling and quantifying micro-/nanoplastics from
environmental samples, making it difficult for researchers to use realistic dosages in experi-
mental studies [90,91]. Even low concentrations of micro-/nanoplastics can cause an array
of adverse effects [90]. As stated earlier, nanoplastics can cross biological barriers [20] and
enter cells, where they can wreak havoc by creating reactive oxygen species to cause DNA
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damage, DNA methylation, and oxidative stress [64,65]. They can also cause mechanical
damage to cellular machinery and impede normal cellular functions [65]. All this could
lead to the development of serious diseases, such as cancer [92]. Future work in this area of
study and other micro-/nanoplastic research would benefit from standardized methods
for micro-/nanoplastic collection and quantification from environmental samples, which
would allow both in vivo and in vitro studies to look at the effects of current plastic levels
rather than hypothetical, arbitrarily chosen levels. Greater clarity of the risks posed by
micro-/nanoplastics through improved standardization of collection and quantification
methods and risk assessment methods would help everyone better understand the breadth
of the problem, thereby allowing scientific communities, industries, policymakers, and
society at large to know how and why to mitigate plastic pollution and consumption.
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