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Abstract: Many tons of micro- and nano-sized plastic particles enter the aquatic environment every year, due to
increasing plastic production, with the consequent risk of microplastics contaminating our environment. Addressing
this multifaceted threat requires innovative technologies that can efficiently remove microplastics from the
environment. Therefore, there is an urgent need to study the efficiency of the removal of microplastics by different
water and wastewater treatment technologies. After short overviewed the source, occurrence, and potential adverse
impacts of microplastics to human health, we then identified promising technologies for microplastics removal,
including physical, chemical, and biological approaches. A detailed analysis of the advantages and limitations
of different techniques was provided. According to literature data, the performance of microplastics removal is
as follows: membrane bioreactor (>99%) > activated sludge process (~98%) > rapid sand filtration (~97.1%) >
dissolved air floatation (~95%) > electrocoagulation (>90%) > constructed wetlands (88%). Chemical treatment
methods such as coagulation, magnetic separation, Fenton, photo-Fenton and photocatalytic degradation also
show moderate to high efficiency of microplastics removal. Hybrid treatment such as the MBR-UF/RO system,
coagulation followed by ozonation, adsorption, dissolved air flotation, filtration, and constructed wetlands based
hybrid technologies have shown very promising results in the effective removal of microplastics. Lastly, research
gaps in this area are identified, and suggestions for future perspectives are provided. We concluded this review with
the current challenges and future research priorities, which will guide us through the path addressing microplastics
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contamination.

Introduction

Research on the occurrence and fate of microplastics (MPs)
in the aquatic environment has been gaining momentum
worldwide, especially in the last decade (Andrady 2011,
Hidalgo-Ruz et al. 2012, Mrowiec 2017), and has considered
the increase in plastic production and the consequent risk of
MPs contaminating our environment. Global plastic production
is over 380 million tons per year, while recycling rates are
much less than the plastic waste generated, accounting for only
9% of all discarded plastic waste (Badola et al. 2022, Lv et al.
2019, Mrowiec 2018, Padervand et al. 2020). Plastics are used
primarily in packaging production (40.5%), civil engineering
and construction (20.4%), automotive needs (8.8%). Other
uses of plastics include applications in the furniture industry, in
the production of electrical and electronic equipment, medical
applications and other (Plastics Europe 2022).

The potential impact on humans (via for example fish
or sea salt ingestion) includes respiratory irritation, obesity,
cardiovascular disease, asthma and cancer. The potential
toxicity of microplastics arises from unreacted monomers,
oligomers and chemical additives leaked from the plastic in the

long rub (Thompson et al. 2009). Monomers and oligomers are
both able to migrate from food packaging. As the concentration
of the residuals reaches specific limits, they can be potentially
absorbed by human bodies via different pathways. For instance,
the presence of PS residuals in food materials is reported
to cause serious health issues, while epoxy resins made of
bisphenol A are absorbed by living tissues, then interfere with
the rate of cell division (Thompson et al. 2009).

MPs can be discharged into the environment from the
plastic industries, such as through leakages and accidents
during transportation, wear of plastic items, use of personal care
products such as toothpaste, dishwashing liquid and shower
gel (Magni et al. 2019), and from synthetic textiles during the
laundry process (Napper and Thompson 2016). MPs dumped
into various surface water sources and found in municipal
wastewater commonly originate from the aforementioned
sources (Badola et al. 2022), and they are then discharged
into wastewater treatment plants (WWTPs) (Durenkamp et al.
2016) through multiple pathways.

None of the current water and wastewater treatment
technologies are designed to remove plastic particles
because they have been developed to remove and neutralise
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dissolved and suspended pollutant, and solid waste (Vuori
and Ollikainen 2022, Mason et al. 2016). Most plastics are
resistant to water, some absorb water slightly, and only a few
dissolve. Extreme weather and coastal landfilling are ways for
microplastics to enter the water environment. By analysing
the matrices, these microplastics (including polystyrene,
polyethylene and polypropylene) are identified from water,
sediment and organisms, showing massive dispersions in the
water environment (Kazour et al. 2019). Wastewater treatment
technologies are commonly based on mechanical, biological
and chemical processes, which incidentally also separate
litter particles through filtration or attachment to precipitated
nutrients and microbial flocs (Vuori and Ollikainen 2022,
Talvitie et al. 2017a, Lv et al. 2019). The more effective
water and wastewater treatment is in removing MPs, the
more particles are separated into the sludge, increasing its
potential for contamination (Lares et al. 2018; Lv et al. 2019).
Therefore, it is urgent to study the efficiency of removal of
MPs by different water and wastewater treatment technologies
and understand their removal mechanism to reduce the amount
of MPs entering the natural water system. However, there are
few studies that summarise the removal mechanisms of MPs
from critical water and wastewater treatment technologies.

Several review articles are available focused on MPs,
especially on the occurrence of MPs in the marine environment,
MPs analysis, and MPs remediation technologies. However,
none of these review articles provides a systematic overview
of MPs removal in unit processes of water and WWTPs.
Hence there is an urgent need to study how microplastics
interact with each and every unit process of WWTPs. This
review provides a critical discussion on various techniques for
microplastic particles’ separation from aquatic environments.
In addition to the separation methods conventionally utilised
in the wastewater treatment process, more recent advanced
separation techniques such as membrane bioreactors,
magnetic-based separation, micromachines, and degradation-
based separation, together with the advantages and limitations
of each technology, are considered. The inclusion of both
conventional and innovative WWTP process configurations
in the study provides insights into which unit processes have
the greatest potential to remove MPs and can be used in the
future to achieve a reduction of MPs levels in the environment.
In addition, we examined which MPs types (size and shape)
were removed and which were left in the final effluent after
treatments. The challenges and limitations of conventional
techniques as well as the advantages of advanced techniques to
separate small micron-size plastic particles from water are also
presented and discussed. This review was expected to provide
useful information to suggest improvement and highlight the
further research areas of MPs removal technologies that can be
employed in wastewater treatment.

Microplastics source and occurrence

Nowadays, 98% of MPs are retained by wastewater treatment
plants (WWTPSs) but MPs with a size smaller than 20 pym and
“nanoplastics” NPs are not retained; therefore, WWTPs plants
are considered to be one of the main sources of plastic pollution
in wastewater effluents (Carr et al. 2016, Murphy et al. 2016,
Malankowska et al. 2021).

Firstly, fibres lost from textiles during washing (Hernandez
etal. 2017) and plastic beads used for exfoliation or purification
in cosmetics and personal care products enter WWTPs through
domestic discharge systems. The use of detergent appeared
to affect the total mass of fibres released to the environment,
yet the detergent type or overdosing of detergent did not
significantly influence MPs release. Despite different release
quantities, the overall microplastic fibre length profile remains
similar regardless of wash condition or fabric structure, with
the vast majority of fibres ranging between 100 and 800 um
in length irrespective of programme selected on the washing
machine (Hernandez et al. 2017). This indicates that the fibre
staple length and/or debris encapsulated inside the fabric from
the yarn spinning could be directly responsible for releasing
stray fibres.

Secondly, industrial plastics used in surface blasting,
molding and many other processes are discharged into
municipal wastewater collection systems before entering
WWTPs (Gies et al. 2018, Long et al. 2019, Magnin et al.
2019).

The third factor responsible for MPs contamination in
WWTPs is the wet sedimentation process. Fine plastic debris
found in the atmosphere or in concrete and highway structures
that results from the breakdown or abrasion of other plastics,
such as packaging, textiles and tires, can enter wastewater
through stormwater runoff (Kole et al. 2017, Long et al. 2019,
Mintenig et al. 2017). Car tires release wear particles through
mechanical abrasion. Wear and tear from tires significantly
contributes to the flow of MPs or microplastics into the
environment. The estimated per capita emission ranges from
0.23 to 4.7 kg/year, with a global average of 0.81 kg/year. The
emissions from car tires (100%) are substantially higher than
those of other sources of microplastics, e.g., airplane tires (2%),
artificial turf (12-50%), brake wear (8%) and road markings
(5%). Emissions and pathways depend on local factors like
road type or sewage systems. The relative contribution of tire
wear and tear to the total global amount of plastics ending up
in our environment is estimated to be 5-10%.

Finally, WWTPs can receive MPs from landfill leachate,
where due to harsh environmental conditions, landfilled plastic
waste is fragmented into MPs, which are then transferred
with leachate discharge to enter WWTPs (Zettler et al. 2013).
He et al. (2019) investigated twelve leachate samples from
four active and two closed municipal solid waste landfills.
MPs were found in all the landfill leachate samples. In total,
seventeen different types of plastics were identified in the
leachate samples with calculated concentration ranging from
0.42 to 24.58 items/L. Polyethylene and polypropylene were
the predominant polymer types. 99.36% of MPs were derived
from the fragmentation of plastic waste buried in landfills.
The size of 77.48% of the microplastics was between 100 and
1000 pm. The study shows that the generation, accumulation
and release of MPs in landfills is a long-term process.

Along with wastewater, MPs can enter the environment
via sewage sludge. Sewage sludge can contain from 20 to more
than 180 particles of MPs per gram of dried sludge, depending
on sludge management and testing methods (Lares et al. 2018,
Talvitie et al. 2017a). Due to their relatively high phosphorus
and nitrogen content, in many countries sludge is applied to
agricultural land or used in landscaping (Nizzetto et al. 2016).
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According to Horton et al. (2017), the amount of MPs in
terrestrial environments can be 4 to 23 times higher than in the
oceans. In addition, airborne MPs that have been emitted by the
plastics industry and vehicles also enter WWTPs (Mintenig et
al. 2017). WWTPs are therefore considered the main recipients
of terrestrial MPs before they enter natural aquatic systems
(Badola et al. 2022, Sun et al. 2019). It has been proven that
untreated MPs are commonly discharged from WWTPs, enter
water bodies, and eventually accumulate in the environment
(Carr et al. 2016, Nocon et al. 2018, Moraczewska-Majkut et
al. 2020, Wisniowska et al. 2020).

MPs are thus commonly found in the atmosphere (Abbasi
et al. 2019), soil (Guo et al. 2020), ocean (Wang et al. 2020a),
freshwater (Han et al. 2020), and even in Arctic freshwater
lake sediments (Gonzalez-Pleiter et al. 2020). MPs persist in
the environment due to their slow degradation rates (Eerkes-
-Medrano et al. 2015). MPs always cause chronic toxicity due
to their accumulation in organisms, and the prolonged exposure
of humans and other organisms, although no evidence of their
acute effects has been found (Prata et al. 2020, Chen et al.
2020). Additionally, they can affect the physiological activities
of living communities by leaching contaminants from plastics
(e.g., plasticisers, flame retardants) and by acting as a vector
for persistent pollutants (Lee et al. 2020, Ahmed et al. 2021).
They can also adsorb contaminants such as polycyclic aromatic
hydrocarbons (Sgrensen et al. 2020), heavy metals (Foshtomi
et al. 2019, Pohl et al. 2022), bisphenol A (Murphy 2001),
polybrominated diphenyl ethers (Singla et al. 2020), phthalates
(Pohl et al. 2022), pharmaceuticals and personal care products
(Maetal. 2019a) due to their small volume (contaminant particle
size is usually less than 5 mm) and large specific surface area.

Typically, the name microplastic refers to plastic particles
between 100 nm and 5 mm in size (Saboor et al. 2022). Based
on particle size, plastics are classified into different categories,
including macroplastics (>25 mm), mesoplastics (5-15 mm),
microplastics (<5 mm) and nanoplastics (<100 nm) (Badola
et al. 2022, Saboor et al. 2022). Manufactured particles,
such as microbeads, enter directly into wastewater and are
counted as primary MPs. On the other hand, plastics that are
formed during the process of breakdown from solid plastic
waste into smaller particles are considered as secondary MPs
(Ahmed et al. 2021, Saboor et al. 2022). The most common
plastic materials found in effluents are polypropylene (PP),
polyethylene (PE), polystyrene (PS), polyvinyl-chloride
(PVC), polycarbonate (PC), polyamides (PA), polyester (PES)
and polyethylene terephthalate (PET), depending on the type
of products produced by the plant (Talvitie et al. 2017a,b).
These are reversible thermoplastic polymers, highly recyclable
materials that can be heated, cooled and shaped repeatedly
(Talvitie et al. 2017a,b).

Sources, types and characteristics of MPs in aquatic
ecosystems, including point sources such as WWTPs, need to
be extensively studied. WWTPs act as a point source of MPs
as the microplastics produced in/disposed of in household and
industrial wastewater streams, and often in the stormwater
drain system, make their way into WWTPs. This makes
WWTPs important in the study of MPs. Across the globe,
interest in studying microplastics in WWTPs is catching up and
an overview of the key publications reported in the literature
from various parts of the world is presented in Table 1.

Surface freshwater, including river, lake and reservoir
water, and groundwater are the main raw sources for drinking
water. Seawater is sometimes used, as freshwater sources are
scarce. However, seawater desalination treatment requires
high use of energy and is expensive (Bodzek 2019). These
raw water sources are easily contaminated by agricultural and
industrial activities, and animal farming discharge. MPs have
been detected in different surface waters (Shen et al. 2020). The
average abundance of MPs in freshwater environments ranges
from several to millions of tons (Pivokonsky et al. 2018).
These great differences are mainly influenced by the locations,
natural conditions, human activities, etc. The number of MPs
in the inland freshwaters of Wuhan in China ranged between
1660.0+£639.1 and 8925+1591 particles/m?; here the major types
were PE, terephthalate and PP (Wang et al. 2017). Low-density
polyethylene has also been identified as the dominant type of
MPs. Recently, it has been identified that even the Arctic Sea is
a reservoir with some MPs contamination (Law and Thompson
2014). MPs have also been found in lakes and rivers and, due
to the wind and river driven transport, the plastic litter reaches
the coast and the ocean (Dubaish and Liebezeit 2013, Wagneret
al. 2014). Nowadays, 98% of MPs are retained by wastewater
treatment plants (WWTPs) but MPs with a size smaller than
20 pm and NPs are not retained; therefore, WWTPs plants are
considered to be one of the main sources of plastic pollution in
wastewater effluents (Talvitie et al. 2017a,b, Carr et al. 2016,
Murphy et al. 2016, Malankowska et al. 2021).

The concentration of chemical additives, like plasticisers,
in plastic debris of remote and urban beaches is up to 35 ng/g
on remote beaches and up to 700 ng/g on urban beaches for
bisphenol A; between 0.1 and 400 ng/g on remote beaches and
up to 9900 ng/g on urban beaches for polybrominated dipheny!l
ethers; and up to 3940 ng/g for phthalates (Hirai et al. 2011).

Removal of MPs from water and wastewater

All methods used to remove MPs can be classified into physical,
chemical and biological methods, depending on the mode of
treatment (Badola et al. 2022). Based on the available studies, it
was observed that physical methods are studied most, followed
by chemical and biological methods. The percentage of available
studies on physical, chemical and biological methods was 45%,
31% and 24% respectively (Badola et al. 2022).

MPs are generally classified as persistent materials, but
degrade more or less depending on their nature and chemical
structure. If their half-life is less than the values specified in the
REACH criteria (Table 2) they can be considered as degradable
and do not pose an environmental risk (Padervand 2020).

Physical methods of MPs removal

Most of the studies that use physical principles such as
adsorption, filtration, sedimentation, flotation etc. are
classified as physical methods (Han et al. 2019, Ahmed et al.
2021, Sommer et al. 2018, Badola et al. 2022). Most of these
methods have been verified in laboratory, pilot and even full-
-scale testing. Among various physical methods with high MPs
removal efficiency are: biochar, magnetic polyoxometalate-
-based ionic liquid phase adsorbents, magnetic carbon
nanotubes, electrocoagulation, rapid sand filter and dissolved
air flotation, chitin and graphene oxide sponge, zirconium-
-based organometallic foam and others (Badola et al. 2022).
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Table 1. Overview of the reported studies on microplastics in WWTPs around the globe
Country | Waste-waters Unit processes Type of Size Concentration | Removal | References
MPs of MPs of MPsinthe | of MPsin
recovered influent WWTP

Spain Domestic MBR, RSF Fragments, 210 ym 4.40 MsP/L 79% Bayo et al. (2020)

wastewater Fibres —-6.3mm
Microbeads,
Films

United Domestic Coarse screen Fragments 60 8.1 x 108 96% Blair et al. (2019)

Kingdom | and industrial Grit chamber Fibres — 2,800 um | MPs/day
wastewater Primary settling tank | Films

ASP and clarification
tank
Nitrification tank

South Domestic Grit chamber Fragments 100 pm 8,400 MPs/L 92-99% Hidayaturrahman

Korea and industrial Primary settling tank | Fibres —5mm 62,800 MPs/L and Lee (2019)
wastewater MBR, ASP, and Microbeads 11,680 MP/L

settling tank Sheets
Coagulation tank

Membrane DF

RSF

China Domestic Primary treatment Fragments 250 um 1.57-13.69 79.3— Long et al. (2019)
wastewater and | Secondary Fibres —5mm MPs/L 97.8%
pre-treated treatment Pellets
industrial Seasonal tertiary Granules
wastewater treatment

China Domestic Aerated grit Fragments 100 ym 4.0 MPs/L 97-99% Lv et al. (2019)
and industrial chambers Fibres —5mm
wastewater OD, MBR Films

Secondary settling Foam
tank

UV disinfection

chamber

Italy Domestic ASP and Fragments 0.01 25+0.3 84% Magni et al.
wastewater sedimentation tank | Films —5mm MPs/L (2019)

RSF and disinfection | Lines
tank

China Domestic Primary aerated Fibres 100 ym 12.03+1.29 95% Yang et al. (2019)
and industrial grit treatment Particles —-5mm MPs/L
wastewater tank, A/A/O,

Denitrification, UF,
Ozonation, UV tanks

Canada | Domestic Bar screen, Primary | Fragments 250 um 31.1+6.7 94% Gies et al. (2018)
wastewater and | clarifier Fibres —-5mm MPs/L
storm water Trickling filters, Pellets
from combined | Solids contact tanks
sewers Secondary clarifiers

Finland Domestic MBR, ASP Fragments 250 ym 1.5x 108 98.3% Lares et al.
wastewater Fibres —-5mm MPs/d (2018)

Denmark | Domestic Coarse screen Fragments 100 pm 15.70 £5.23 98.41% Murphy et al.
and industrial Grit removal Fibres —5mm MPs/L (2016)
wastewater Primary settling Microbeads

tanks Films Foam
Aeration tank
Clarification tank

United Domestic Bar screen, Grit Fragments 100 ym 133.0 £ 35.6 97-99% Michielssen et al.

States of | wastewater and | chamber Fibres —5mm MPs/L (2016)

America | storm water Primary settling tank | Microbeads

ASP, TF and ASP,
RSF
Anaerobic MBR
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Sedimentation/clarification

Sedimentation is used to obtain concentrated suspensions of
solids and to purify (clarify) liquids containing suspended
solids (Bache and Gregory 2010, Ostrovsky et al. 2014).
Sedimentation under the influence of gravity is used in the first
stage of water and wastewater treatment, which includes the
removal of granular suspensions (sand and gravel grains) in
sand traps and the removal of fine suspensions and colloids
in settling tanks (clarifiers). Preliminary clarification, used in
wastewater treatment, is designed to ensure settling of solids
prior to biological treatment (Riffat 2013). The sedimentation/
clarification also allows for the removal of MPs from water
systems. This method is not only used in primary wastewater
treatment but also in secondary treatment.

Conley etal. (2019) reported the removal efficiency of MPs
in three wastewater treatment plants with various treatment
operations and service arrangements in the USA for one year.
They found a high MPs removal efficiency of approximately
97.6% for the primary clarification. The size fractions included
MPs particles larger than 418 ym, between 178-418 pum, and
between 60-178 pum (Conley et al. 2019). Michielssen et al.
(2016) observed that 84—-88% of MPs with sizes ranging from
100-1000 pum were eliminated in wastewater treatment plants
in the U.S. and other countries by primary sedimentation and
clarification. In other studies, the sedimentation/clarification
process, used before other treatment techniques (Bui et al.
2020, Ngo et al. 2019), showed removal efficiencies of
57-64% in wastewater from South Korea (Hidayaturrahman
and Lee 2019). Murphy et al. (2016) also studied the
performance of sedimentation and clarification at a municipal
wastewater treatment plant in Glasgow, Scotland. The average
MPs decreased from 15.7 MPs/L to 3.4 MPs/L with a removal
efficiency of approximately 78%. Based on the results of Bayo
et al. (2020a), approximately 74% of MPs were removed
during sedimentation at a municipal wastewater treatment
plant in Spain. Thus, pretreatment in WWTPs has the greatest
impact on size distribution because it can effectively remove
MPs of larger size.

The efficiency of MPs removal by sedimentation is
affected by two key factors, including density and shape (Bui
etal. 2020, Ngo et al. 2019). In the study of Lares et al. (2018),
most of the MPs were eliminated (99%) in the initial stage at
an input concentration of 57.6 MPs/L. The reason for the high
efficiency obtained in this study may be due to the fact that more
than 96% of the MPs were in the form of fibers. Based on the
results of Hidayaturrahman and Lee (2019), the pretreatment
stage retained more of the fibrous MPs (76-92%) than other
types such as microspheres, sheets and irregular fragments.
Long et al. (2019) argued that fragments and granules are
two shapes of pollutants which are eliminated out of the flow
most easily (respectively 91% and 83%) in WWTPs, whereas
the removal rate of fibers is only around 79% at a WWTP in
Xiamen, China. Hence, fibers are considered the most difficult
shape of MPs to remove from the wastewater stream (Long
et al. 2019). As a result, this shape of MPs pollutant is most
dominant in WWTP final effluent (Long et al. 2019, Talvitie
et al. 2017a, Ziajahromi et al. 2017). This result can be partly
explained by the smoothness of the surface of each shape.
For example, fibers and pellets are supposed to be smoother
than other shapes, which means they have less resistance in

the wastewater environment to being captured by the treatment
technologies in WWTPs (Anderson et al. 2018). In contrast,
fragments are often angular, bifurcate and twisted, which not
only increases the ability to be captured in solid flocs but also
creates more chance for the colonization of microorganisms,
by increasing the degree of sedimentation or degradation.

The major drawback of sedimentation in the removal of
MPs is that pollutants are not completely removed, they only
sink or are trapped in sludge which allows for a high risk of the
MPs reverting back into the wastewater due to the turbulent
environment. In addition, MPs which are dumped as sewage
sludge in a landfill will return to WWTP through leachate or
enter the natural water environment by stormwater runoff.
Therefore, an alternative sustainable treatment process for
MPs removal is needed.

Flotation

Flotation is a physicochemical method of separating solids
ground in water, in which hydrophobic impurities along with
air bubbles are brought to the surface of the suspension to
form foam. Dissolved air flotation (DAF) is the most widely
used method for separating low-density solids, oil and fibrous
materials, including MPs, from soil or sediment in dense
liquids (Han et al. 2019). In this method, air is dissolved
at a high pressure in water that results in the formation of
bubbles. These bubbles attach solid particles on their surfaces
(including MPs), which are later removed by skimmers (Bui
et al. 2020). Recently, DAF offered high efficiency for MPs
removal. In a WWTP in Hameenlinna, Southern Finland,
the detected MPs removal rate of a dissolved air flotation
facility was 95% (Talvitie et al. 2017b). However, the
influent concentrations of MPs in this study were relatively
low (2+0.07 MPs/L). There have been no studies to evaluate
the effectiveness of DAF in removing MPs under different
conditions such as density, size, shape and composition of
MPs. Coppock et al. (2017) proposed a portable density
floatation to separate MPs with particle sizes ranging from
100 pm-10 mm from sediments with an average efficiency of
95.8%. Zinc chloride, with a density of 1.5 g/cm?, was used
as an effective flocculating agent, allowing fine sediment to
settle, while allowing dense polymers to float.

Unlike sedimentation, air flotation technology removes
contaminants by trapping low-density MPs (such as PE, PP),
and the medium-density plastics (such as PS and PA), which
can float alone or with air bubbles and cannot be captured
by using the sedimentation technique. However, compared
to the sedimentation process, this method is expensive to
operate and maintain (Talvitie et al. 2017b). Another factor
that should be taken into account is the natural buoyancy
of contaminants in the wastewater environment that can be
changed by the adsorption of chemical compounds onto the
surface of MPs particles. Similar to the sedimentation process,
the morphology of MPs is an important factor affecting their
removal in air flotation. Again, fragments and granules are
the two contaminant shapes removed in WWTPs (Xiamen,
China) at 91% and 83% respectively, while the fiber removal
rate is only about 79% (Long et al. 2019). Therefore, fibers
are considered the most difficult MPs shape to remove from
wastewater. The use of polyaluminium chloride increases the
process of flocculation.
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Classical filtration

Filtration is a basic and effective method that is commonly
used to remove MPs from water and wastewater (Ahmed et
al. 2021). Filters with different pore structures and pore size
and different materials are used in the filtration process, among
which metal-based filters (stainless steel), glass fiber, and
polymer-based filters such as polycarbonate, nitrocellulose and
nylon are the most frequent (Wang and Wang 2018). The most
common pore size in filters is 0.45-1 pym. Some filter materials
have a curvy and deep pore structure, such as stainless steel
and nylon filters, while others have narrow and straight circular
pores, such as polycarbonate filters (Saboor et al. 2022). Due
to the microscopic size of the particles or contaminants in the
liquid, filter cartridges become clogged. To solve this problem,
iron salt is added to the coagulation/flocculation of the solid
fraction and a pre-filtration step is performed using a larger
pore size filter (Crawford and Quinn 2017).

Straining through sieves is also used to separate MPs,
which leads to the sorting of particles into different size
ranges depending on the choice of sieve mesh size (Ahmed
et al. 2021). The most commonly used screening system for
separating MPs from water and sediment samples is multistage
screening, which uses a series of sieves with different mesh
sizes (Crawford and Quinn 2017). Olivatto et al. (2019) studied
the separation of MPs found in samples from Guanabara Bay,
Brazil using sieving and manual sorting. MPs were isolated by
wet sieving using two meshes, including a mesh size of 355 pm
at the bottom and 4.75 mm at the top. Gimiliani et al. (2020)
presented an effective separation and quantifying method
comprising sieving with 2.0, 1.0, 0.5 and 0.25 mm mesh
sizes, sediment collection, drying and microscopic evaluation
of samples retained on each sieve. Zhang et al. (2020a) used
a fine sieve (mesh size 2.5-10 mm) to remove larger solids
(> 2.5 mm) during wastewater pretreatment, because sieves
with larger (50-100 mm) and medium mesh sizes (10-40 mm)
were unable to retain MPs. For the membrane bioreactor
(MBR), sieves are used (mesh size 0.2—2 mm) as an alternative
to sedimentation to prevent membrane fouling. Generally, due
to the irregular shapes of the MPs, some larger MPs may still
pass through this type of sieve.

Disc filter (DF) is a promising technology to decrease the
concentration of MPs in wastewater treatment effluent. Several
studies have shown that DF is used in WWTPs as a tertiary
treatment at full scale in many countries (Talvitie et al. 2017b,
Hidayaturrahman and Lee 2019). In a study of the Viikinmaki
WWTP in Helsinki (Talvitie et al. 2017a), MPs were retained by
the filter, gradually forming a sludge cake on the filter surface.
High-pressure backwashing was used to remove it. The pore
size of the filter, which is a woven material usually made of
PP, polyester or PA, is generally 10-40 pm. Hydraulic retention
time, water flow rate, membrane fouling and pore size are the
main parameters affecting efficiency of the DF process (Talvitie
et al. 2017b). The removal rates obtained for different types of
MPs were between 40-98.5%, and the concentration of MPs
was reduced from 0.5 to 0.3 MPs/L using a 10 um filter and from
2.0 to 0.03 MPs/L using a 20 um filter. Hidayaturrahman and
Lee (2019) reported an overall MPs removal efficiency of 99.1%
at a WWTP in South Korea with a DF (pore size 10 um), while
the MPs removal efficiency at the DF stage was 79.4%. Simon
et al. (2019) used a DF with 13 polyester mesh discs with a pore

size of 18 ym, which removed 89.7% of MPs with a pore size
>10 pm. However, the effectiveness of this method was
diminished by large size plastics that accumulated on the filters
and blocked the pores (Simon et al. 2019).

In general, filters with smaller pore size show higher MPs
removal efficiency. It is significant that DF can effectively
remove all shapes and size fractions, but some of the smallest
(20-100 pm) pass through the filter (Talvitie et al. 2017b).
The literature review suggests that DF offers a relatively low
efficiency in removing MPs, which can be increased by using
coagulation processes prior to DF.

Rapid sand filtration (RSF) is a popular water treatment
technology for both waterworks and wastewater treatment
plants. This technology provides fast and effective contaminant
removal with low operating and maintenance costs. In
wastewater treatment plants, RSF is typically used as a third
stage of treatment (Ngo et al. 2019). RSF are constructed with
sand layers consisting of 1 mm gravel with a grain size of 35 mm,
0.5 m quartz with a grain size of 0.1-0.5 mm, and anthracite is
often used. This method is effective for MPs >20 pum in size
and is able to effectively remove all types of MPs (Badola et al.
2022). Inthe presence of three layers (anthracite, quartz sand and
gravel), RSF captures suspended solids by physical adsorption
or mechanical straining. Due to hydrophilic interactions, MPs
particles are adhered to the surface of sand grains or adsorbed on
silica grains, which reduces the performance over time (Enfrin
et al. 2019). The adsorption of MPs is difficult to reverse due
to the presence of functional groups, such as hydroxyl groups
on the surface of MPs resulting in stronger interactions with
RSF (Cai et al. 2018). In a pilot study, the RSF process was
applied as athird stage of wastewater treatment in WWTP
Turku, Finland (Talvitie et al. 2017b). 97% removal of MPs
(0.7-0.02 MPs/L) of all shapes and sizes, even the smallest
fractions (20-100 ym), was obtained. Hidayaturrahman and
Lee (2019) showed that the removal efficiency of MPs at the
RSF stage was 73.8% and the total removal efficiency was
98.9% when RSF was applied as the third stage of wastewater
treatment in combination with coagulation. Therefore, RSF was
considered a suitable technology for MPs removal at the low
concentration range. These studies showed that the MPs removal
efficiency of the RSF process is lower than that of the MBR
process, while it is higher than that of dissolved air flotation,
granular activated carbon (GAC) adsorption and membrane
filtration, demonstrating its potential as an effective process for
MPs removal in WWTPs (Badola et al. 2022). Therefore, the
RSF process can be very attractive when combined with other
treatment processes such as coagulation.

Membrane filtration

Membrane technology is one of the possible methods to
remove plastic litter from water mainly because membrane-
-based operations have the potential to replace energy-intensive
conventional technologies due to their low energy consumption,
operation flexibility and simplicity, good stability, easy control
and scale-up. Membrane separation processes differ based on
the separation mechanism and size of the separated particles
(Bodzek 2019). Pressure driven membrane processes are by
far the most widely applied membrane processes in water
and wastewater treatment. There are four main types of these
processes. These are microfiltration (MF), ultrafiltration (UF),
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nanofiltration (NF) and reverse osmosis (RO) (Ezugbe and
Rathilal 2020, Bodzek 2019). The main difference exhibited
by these processes is their membrane pore size. Diffusion
membrane processes (forward osmosis (FO) and membrane
distillation (MD)) and processes using ion exchange
membranes (electrodialysis, electrodeionisation) are also
considered (Ezugbe and Rathilal 2020). Membrane material,
pore size, thickness and surface characteristics affect the
performance of the membrane process. In membrane filtration,
the major drawback is the fouling phenomenon which occurs
by adsorption of particles on the surface and inside the pores
of the membrane. Fouling decreases membrane filtration
performance which results in higher energy cost, operation
time and maintenance (Malankowska et al. 2021). Enfrin et
al. (2019) revealed that MPs could interact with the membrane
surface because of their intrinsic physicochemical properties
such as hydrophobicity, surface charge and roughness.
Nevertheless, membrane technology is highly efficient in the
removal of low-molecular weight contaminants such as small
MPs (<100 pm) and NPs.

Ultrafiltration (UF) and microfiltration (MF) are
increasingly used for the treatment of high quality drinking water
in an economic manner thanks to low energy consumption, high
separation efficiency and compact plant size (Bodzek 2019,
Bodzek et al. 2019). It is a low-pressure membrane process
(1-10 bar) that uses symmetric/asymmetric membranes having
a pore size between 0.05-10 ym for MF and 1-100 nm for UF.
UF/MF membranes can reject particulates and macromolecules
such as proteins, fatty acids, bacteria, protozoa, viruses and
suspended solids. Therefore, MF/UF are used to replace existing
classical processes (sedimentation, flocculation, coagulation and
sand filtration and chlorination) used in water and wastewater
treatment. However, these technologies are not specifically
designed for the removal of MPs that remain in the final
treated water (Mason et al. 2016, Bodzek 2019, Talvitie et al.
2017b). In many cases, MF/UF are integrated with processes
used in water and wastewater treatment, such as sedimentation,
classical filtration, flotation, biological and advanced oxidation
processes and used for pre-filtration in reverse-osmosis plants to
protect the osmotic membranes against fouling (Bodzek 2019).
UF coupled with the coagulation step is one of the main water
treatment technologies in current water plants.

Avariation on composite membranes are dynamic
membranes (DM), which are obtained by passing a solution
containing membrane-forming components through porous
supports (Ersahin et al. 2012). Immersion of the porous
supports in a suitable colloidal suspension of the membrane-
-forming material and drying is also used. Porous carbon
electrode tubes, hard poly(vinyl chloride), sintered metal
powders and ceramic tubes are used as porous materials.
Organic polyelectrolytes and hydrated metal oxides in colloidal
form are most commonly used as film-forming components.
In contrast to MF and UF, the DM filtration process exhibits
a lower pressure, which means reduced energy consumption
(Li et al. 2018). Low filtrate resistance and easy cleaning of
DM are mentioned as main advantages (Li et al. 2018).

DM technology is more effective at removing low density
(poorly settling) contaminants and undegradable MPs due to
the rapidly forming secondary membrane (DM layer) with
microparticles (Li et al. 2018). DM was applied to remove

MPs from synthetic wastewater in gravity mode using a DM
laboratory filtration kit (Li et al. 2018). It achieved the removal
of about 90% of MPs from synthetic wastewater using a 90 pm
support mesh. After 20 min of MPs filtration, the turbidity of
the effluent was reduced to <1 NTU (Nephelometric Turbidity
Unit), which confirmed the rapid formation of DM resulting
in better MPs removal efficiency. Overall, DM technology
showed excellent performance to remove microcontaminants
including MPs during wastewater treatment, and mitigated
the disadvantages of membrane fouling in UF/MF. The
combination of DM technology with coagulation or activated
sludge process can be highly effective to remove micro-
-contaminants and MPs in wastewater treatment (Li et al.
2018). Further research is needed to unravel the mechanism of
DM layer formation.

Reverse Osmosis (RO) is actually used in municipal
and industrial water treatment systems to purify water using
RO or NF membranes (pore size > 2 nm) by removing salts,
heavy metals and other organic impurities. RO is currently
applied in food and beverage production, biopharmaceutical
manufacturing, power generation, production of high purity
water, and desalination of brackish waters and seawater, as
well as in the recovery of water from industrial and municipal
wastewater (Antony et al. 2011).

In terms of MPs removal in wastewater, RO has been
implemented at a WWTP in Sydney, Australia after tertiary
treatment (Ziajahromi et al. 2017). They characterized and
quantified the microplastic in samples coming from a WWTP
that produced a highly treated effluent, including screening and
sedimentation, biological treatment, flocculation, disinfection/
de-chlorination processes, UF, and finally RO process. Results
indicate the presence of MPs fibers in the samples after the
RO process. A removal efficiency of MPs, bigger than 25 pm,
of only 90.45% was obtained (Ziajahromi et al. 2017). The
result is significantly lower than that of MBR which is 99.9%
with smaller MPs (20 mm). After 4 treatment stages including
primary, secondary and tertiary treatment processes and RO, the
WWTP still releases ten million pieces of plastic debris per day
to the natural aquatic environment (Ziajahromi et al. 2017).

Wang et al. (2020b) studied the occurrence of phthalate
esters and MPs in the effluent simultaneously of four wastewater
treatment plants and the receiving water bodies in winter
and spring. MPs were mostly in the form of granules and
fragments with size <0.01 mm in the four WWTP effluents
(276-1030  MPs/L)  and  receiving  water  bodies
(1034458 MPs/L). The main techniques were clarification,
filtration and reverse osmosis with removal rates of 42.7-69.2%,
25.3-59.3% and 22.6-51.0%, respectively. The total removal
rates of phthalate esters and microplastics in the four WWTPs
were 47.7-81.6% and 63.5-95.4%, respectively. The results
revealed that the surrounding environment considerably affected
the amount of phthalate esters and microplastics in surface waters.

Overall, membrane treatment technology is not specially
designed to remove MPs efficiently, due to common issues of
membrane fouling and decreasing water flux. More research
should be devoted to minimize membrane abrasion and fouling
in membrane-based treatment technology. However, membrane
treatment technology can be attractive if it is combined with
a biological process such as MBR or chemical process such as
coagulation.
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Magnetic separation process

Magnetic separation is the most reliable for the separation of
MPs/NPs from sediment or water samples under magnetic force,
although it is not suitable for MPs removal in WWTP. This
method is particularly effective for small-sized MPs, because
of their large surface area to volume ratio which enhances the
binding affinity of MPs with Fe nanoparticles. Grbic et al.
(2019) studied the performance of magnetic removal of MPs
from seawater, freshwater and sediment. Fe nanoparticles
were coated with hexadecyltrimethoxysilane (HDTMS) to
create the hydrophobic characteristics for allowing binding
with MPs, which helps to isolate the MPs from water under
amagnetic field (Fig. 1). 92% and 93% removals of small-sized
(< 20 ym) PE and PS and large-sized (>1 mm) MPs from
seawater were obtained. The recovery rate of medium-sized
(200 pm-1 mm) MPs was 84% and 78% from freshwater and
sediment. Therefore, MPs recovery by magnetic extraction
process is particularly suitable for drinking water treatment
(Grbic et al. 2019).

Shi et al. (2022a) studied magnetic nano-Fe,O, for MPs
removal. The results showed optimal magnetization of MPs
via surface absorption. At 1.3 g/L nano-Fe,O, and 150 min
treatments, the average removal rate of four common
types of MPs including PE, PP, PS and PET in sizes of
approximately 200-900 pm was 86.87%, 85.05%, 86.11%
and 62.83%, respectively. The removal rate varied among
polymer- and different-sized MPs, and was positively related
to the density of nano-Fe,0, absorbed on MPs’ surfaces. In
addition, the removal rate of MPs in artificial seawater was
relatively high in comparison to pure water. Furthermore,
the established approach was effectively applied to remove
MPs in environmental water bodies including river water,
domestic sewage and natural seawater, with a removal rate of
higher than 80%. Pramanik et al. (2021) also studied removal
efficiency of NPs/MPs by two types of ferrofluid used and
found an average removal of 43% for magnetite and 55%
for cobalt ferrite. All three plastics tested, i.e., PE, PVC and
polyester, had similar removal efficiency by nano-ferrofluid
particles, meaning that this removal technique does not rely
on the plastic component type. Altogether, this study provided
anovel and simple approach to remove MPs in water, and
shows potential application.

Shi et al. (2022b) prepared magnetic sepiolite, which was
used to remove PE with 98.4% efficiency. SEM and XRD analysis
showed that the magnetic sepiolite was deposited (wrapped,
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embedded or adsorbed) on the PE surface so effectively that
the mixtures could be separated from the aqueous solution in
a suitable magnetic field as strong magnetic materials. The PE
removal efficiency after using the recycled magnetic sepiolite
from the magnetic tube five times was still above 90%.

Tang et al. (2021) synthesized magnetic carbon nanotubes
(M-CNTs) for the first time as adsorbents to remove MPs.
M-CNTs were effectively adsorbed on PE, PET and PA and
all the MPs/M-CNTs composites were readily separated
from aqueous solutions by magnetic force. When the 5 g/L of
M-CNTs was added, target MPs (5 g/L) were completely
removed within 300 min. The maximum adsorption capacities
of PE, PET and PA were 1650, 1400 and 1100 mg-M-CNTs/g,
respectively. Furthermore, the adsorbed M-CNTs can be
recycled via thermal treatment (600°C) and these M—CNTs were
featured with the same magnetic properties and comparable
MPs removal capacity as the original ones. After being used four
times, M—CNTs were still able to remove ~80% of total MPs
in the testing solution. The observed effectual removal of MPs
from prepared solutions and wastewater highlights M—CNTs as
promising techniques for the control of MPs pollution.

Adsorption

Biochar (BC) and activated carbon (AC) are extensively used
as adsorbents to treat water containing MPs and NPs (Ahmed
et al. 2016, Sommer et al. 2018). Adsorbent surface area and
porosity are two major properties for effective removal of MPs
(Siipola et al. 2020). BC used for removal of MPs are made
from various substances like corn, hardwood, pine, spruce bark,
etc., alone or in combination (Siipola et al. 2020, Wang et al.
2020c). Siipola et al. (2020) reported that activated BC was the
most suitable adsorbent for MPs removal, even with relatively
low surface area (200-600 m?/g). Despite the small surface area
(187 m?/g) with macro-scale porosity, spruce bark BC resulted
in better performance for MPs retention than pine bark ACs with
surface area 556-603 m?/g. Activated BC effectively retained
large size MPs particles, whereas 10 um spherical microbeads
did not adsorb as efficiently. Hence, meso- and macro-porosity
can be very beneficial for the removal of MPs. The BC surface
roughness may influence the retention of large MPs particles
most likely through physical attachment. They also found that
PE particles and fleece fibers were 100% retained, although the
mechanism of MPs adsorption is yet to be identified (Siipola
et al. 2020). A comparison study between simple sand filter
and BC filter showed above 95% removal efficiency for fine

Fig. 1. Concept of MPs removal in magnetic field (Saboor et al. 2022, Grbic et al. 2019)



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

110

M. Bodzek, A. Pohl

(approx. 10 pm) size PS MPs spheres (microbeads) while the
sand filter showed an efficiency of 60%-80%. This indicates
that BC filters are a better option for the removal of MPs as
compared to sand filters (Wang et al. 2020c). Both BC and AC
may act as a filter when packed in a column for MPs removal
(Zhang et al. 2020a). Therefore, adsorption with AC or BC via
a filtration setup is an economical process to remove MPs.

In recent years, granular activated carbon (GAC) filtration
was employed to treat some emerging contaminants in an
aqueous environment (Ostman et al. 2019). Wang et al. (2020d)
evaluated the MPs removal capability of the GAC filtration
system in a drinking water treatment plant. The MPs removal
capacity (PE PP and PAM) of this technology was up to 60.9%,
less effective than other conventional technologies such as
coagulation/flocculation, sand filtration, RSF and ozonation. In
the GAC process, contaminants are removed by a combination
of biodegradation and physical adsorption. However, so far the
mechanism to remove MPs in GAC is still unclear. Therefore,
the GAC filtration process can be an effective technology for
MPs removal at low MPs concentration ranges.

Comparison among physical processes
Physical treatment methods can be applied to remove
a wide range of MPs from water, with their average removal

efficiencies summarized in Table 2. The wide range of MPs
removal rates is due to the different process conditions and
the different sizes of particles removed. A wide range of MPs
can be removed through filtration processes such as GAC
filtration, RSF and DF. DAF is also attractive for removing
MPs efficiently with the flocculation process. Membrane
treatment such as UF, RO and DM technology can be more
effective hybrid systems, i.e., MBR, coagulation — UF. Among
all other membrane treatments, DM technology is cost-
effective and highly efficient for removing MPs from synthetic
wastewater but still insufficient to remove large scale MPs from
wastewater. On the other hand, density separation and magnetic
separation are more efficient at removing MPs from sample
water. The adsorption process is suitable to adsorb MPs from
water but this process was not studied sufficiently. Moreover,
among the physical treatment technologies, the quantitative
analysis revealed that filter-based methods showed better MPs
removal efficiency than others. MPs removal though physical
methods followed the order: filtration process > flotation
process > adsorption process > membrane process > magnetic
and density separation process. Furthermore, a more detailed
characterization of MPs in different treatment technologies
is needed to select the most suitable methodologies for the
efficient removal of MPs from WWTP effluents.

Table 2. Advantages, limitations and e ectiveness of physical treatment technologies in MPs removal

Process type E ciency | Advantage Disadvantage References
Adsorption 100% Su cient surface area and 10 um spherical MPs did not absorb as | Siipola et al. 2020
(AC and BC) suitable porosity e ectively e ciently.
retained large size MPs.
UF 41,7% PE particles can be completely | Fouling Ma et al. 2019b,
bound by the UF membrane. Ziajahromi et al. 2017
RO 25% MPs >25 ym was completely Fouling Ziajahromi et al. 2017
removed.
Dynamic >90% Less energy consumption and Membrane fouling. Not e ective for Lietal 2018
membranes trans-membrane pressure, low large scale water treatment.
filtration resistance, low cost.
Density high Can remove low density MPs. Heavy salts are very expensive, and Murphy et al. 2016
Separation Reliable and practical method. some are hazardous.
Grit/primary 78.34% Low-cost process. Need to secondary and tertiary Liu et al. 2019a,
Sedimentation E ective for large MPs treatment to remove small MPs. Yang et al. 2019,
Murphy et al. 2016
GAC filtration | 99,9% Remove small size MPs with Clogging is the main problem Wang et al. 2019a,
biological activity Zhang et al. 2020b
RSF 97,2% Low operational and Fouling take place; backwash is Enfrin et al. 2019,
maintenance cost. needed. MPs are broken into smaller Talvitie et al. 2017b,
particles. Hidayaturrahman and
Lee 2019,
Michielssen et al. 2016
Disc filters 98.5% Sludge cake formation. Float Backwash needed due to membrane Hidayaturrahman and
MPs are especially removed. fouling. Lee 2019,
Talvitie et al. 2017b
Flotation 95% Disadvantage — removes contaminants | Talvitie et al. 2017b
by trapping low-density MPs (such
as PE, PP), and the medium-density
plastics (such as PS, and PA)
Magnetic 78-93% | E cient for smaller MPs. Better | MPs recovery from sediment is lower. | Grbic et al. 2019
separation for drinking water treatment.
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Chemical methods of MPs removal

Chemical methods are also used in the treatment of water and
wastewater containing MPs, either alone or in combination
with others to enhance the effectiveness of physical processes
(e.g. sedimentation, membrane processes).  Several
methods, like ozonation, advanced oxidation processes (e.g.
photocatalysis) and coagulation are most commonly used for
plastic removal/degradation (Ahmed et al. 2021).

Coagulation/flocculation

As MPs particles are tiny in size (diameter <5 mm), it is highly
challenging to separate them through filtration processes
continuously. Difficulties like filtration surfaces fouling make
them often inefficient and discontinuous, hence, pretreatment
by coagulation and flocculation will improve filtration
efficiency. Many wastewater and drinking water treatment
plants worldwide use coagulation/flocculation processes to
form enlarged contaminant particles that are easier to separate
(Shirasaki et al. 2016). Among the various coagulating
agents to coagulate and agglomerate MPs particles, Fe- and
Al-based salts and flocculants (e.g. polyacrylamide — PAM)
are commonly used to bind fine particles through adsorption-
complexation (Chorghe et al. 2017).

Itis obvious that the formation of MPs flocs closely depends
on the MPs concentration. Indeed, with a certain amount of
coagulant, it would be difficult to form flocs in water with
a lower MPs concentration, resulting in a lower MPs removal
efficiency. Hidayaturrahman and Lee (2019) studied MPs
removal by coagulation using polyaluminium chloride (PAC)
with different initial MPs dosages (4200 MPs/L, 5840 MPs/L
and 31,400 MPs/L). The results showed that the removal
efficiencies of MPs amounted to 53.8%, 47.1% and 81.6%
respectively. Rezania et al. (2018) also found that the ability
to remove MPs positively correlated with the coagulant dose.
For PE with small size (< 0.5 mm), MPs removal efficiency
increased from 8.3% up to 36.9% when the aluminium
coagulant dosage increased from 13.5 mg/L Al to 405 mg/L Al.
However, as the flocculant dosage was increased, the removal
rate of MPs would tend to decrease. This is explained by the
fact that MPs’ zeta potential decreased as the coagulant dosage
increased excessively, resulting in difficulty in forming MPs
flocs.
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The efficiency of the coagulation process depends on the
type of coagulant used. For example, in the study of Ma et
al. (2019b,c), both aluminium and ferric-based coagulants
were simultaneously examined with the presence of PE MPs,
which have been commonly detected in various wastewater. As
a result, the performance of Al coagulant was more efficient
than that of ferric-based coagulant in PE removal. The smaller
the PE particle size, the higher the removal efficiency. The
corresponding removal efficiencies of small PE particles
(d < 0.5 mm) were only 8.24% and 12.65% in the presence
of 0.5mM and 5 mM FeCl,-6H,0 at pH 7.0, respectively,
while in the presence of AICI,-6H,O (15 mM), the removal
efficiency was 36.89%. However, the removal efficiency for
larger particles (0.5<d<1 mm) was only 20.61%, and 11.73%
for particles of size 1<d <2 mm and 4.51% for particles
2<d<5 mm (Ma et al. 2019b,c). Zhou et al. (2021) compared
PACI and FeCl, at drinking water treatment plants, and found
that the former was more effective than the latter at removing
PS and PE MPs (e.g. ~78% removal of PS by PACI (90 mg/L)
vs. ~64% removal of PS by FeCl, (90 mg/L) and ~30% removal
of PE by PACI (90 mg/L) v