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Abstract

This review addresses the role of household washing machines in the release of plastic
microfibers, and means to minimize emissions. Specifically, various strategies with potential to
mitigate microfibers discharge are critically evaluated, such as modifying laundering conditions
and implementing point-of-use capturing systems. The currently available point-of use devices for
microfiber removal are associated with technical limitations, and obtaining a complete removal of
the plastic contaminants remains an open challenge. To allow safe wash water discharge and target
impending regulations, point-of-use devices should be user-friendly, compatible with washing
machines, easily maintainable, and provide near complete removal of microfibers. Advantages,
limitations, and challenges of capturing devices are thus critically discussed, and possible
improvement strategies are proposed. Microfibers detection techniques are also briefly presented
in this review, and the need for standardization and simplification is highlighted. Overall, efforts
are required to promote a wide approach toward environment-friendly laundering of textiles,
including source control, encouraging biodegradable materials use and recycling, and
implementing effective filtration and treatment processes for microfibers, both at the point-of-use

and in centralized treatment plants.

Keywords: Microfibers; Point-of-use filters; Wastewater treatment; Textiles; Washing machines.
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1. Introduction

Ecosystems have experienced a new form of pollution in recent decades related to
“microplastics”, which are defined as plastic fragments measuring no larger than 5 mm (Wright et
al., 2013). Microplastic pollution has become a global issue, affecting both freshwater and marine
environments, due to the rapid increase in plastics production and the growth of the fashion and
textile industries (Boucher & Friot, 2017). In the past few decades, the fashion industry's emphasis
on higher volume productions, driven by prevailing trends, has led manufacturers to prioritize

quantity over product quality (Rathinamoorthy, 2020).

Overall, microplastics that end up in the environment can be found in numerous shapes, such
as fibers, foam, pellets, films, and fragments, with fibers being reported as the most dominant form
(Akyildiz et al., 2022; Gaylarde et al., 2021; Miller et al., 2017). Specifically, microfibers (MFs)
are characterized by their thread-like structure, with diameters typically smaller than 10 um and
lengths up to 5 mm (typically 10s to 100s of um) (Akyildiz et al., 2022; Dreillard et al., 2022;
Weinstein et al., 2016). When it comes to composition, MFs may be made of various polymeric
materials, such as polyesters (Napper & Thompson, 2016; Zambrano et al., 2019), polyethylene
(Weinstein et al., 2016), polyamide (Gavigan et al., 2020), acrylic (Belzagui & Gutiérrez-Bouzan,
2022), polypropylene (De Falco et al., 2018b), elastane (Rathinamoorthy et al., 2023; Sillanpaa &
Sainio, 2017), rayon (Zambrano et al., 2019). Synthetic MFs have not only polluted marine and
aquatic environments, but they have also been detected in soils and in the atmosphere (Blettler et
al., 2017; Kapp & Miller, 2020; Sundt et al., 2014). These MFs typically enter the marine and
aquatic environment through direct sources or via wastewater treatment plant (WWTP) effluents.
WWTPs equipped with primary and secondary treatment processes are able to typically achieve

MF and microplastic mass removal up to 90-95% at best, resulting in the estimated number-wise
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release of around 85 million fibers per day into the aquatic environment, along with another 3.68
billion accumulated in the separated sludge (Blair et al., 2019; Madhav et al., 2018; Petroody et

al., 2020).

An important fraction of plastic MFs being discharged into the sewage or dispersed in the
environment through other pathways comes from laundering activities. Accordingly, numerous
research studies have been conducted to understand the MF release from washing machines under
different conditions and using different types of garments (Choi et al., 2018; Madhav et al., 2018;
Napper & Thompson, 2016). Other studies have investigated approaches to reduce the amount of
MFs reaching the environment by, for example, integrating specific processes into WWTPs as
tertiary treatments, or deploying ad hoc removal steps (Meng et al., 2023; Murphy et al., 2016;
Ramasamy & Subramanian, 2021). Following this direction, several products emerged on the
market aiming at the in-situ removal of MFs before the household wastewater from washing
machines enters the sewage network, i.e., in-drum equipment and ex-drum filters (Ramasamy &
Subramanian, 2021). Although none of the current commercial products addresses the issue of
MFs release from washing machines without limitations, they can serve as inspiration for
researchers and manufacturers to develop more reliable filtration systems. However, without
proper and mandatory national or international laws and regulations in place, there is a lack of

significant incentives for individuals and manufacturers to invest in this issue.

This paper presents a review of current strategies to reduce emission of plastic MFs during
household textile laundering, as well as potential solutions for the future. First, the origin and fate
of microfibers, as well as analytical methodologies for their characterization, are briefly discussed.
Then, techniques to reduce and to remove these pollutants directly acting on the laundering cycles

and/or on laundering wastewater are presented, i.e., deploying point-of-use strategies. Updated
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knowledge on microfibers release as a function of laundering conditions is provided to help
scientist and engineers design washing cycles that would minimize release while guaranteeing
suitable washing of the garments. Then, information around the functioning and performance of
the latest point-of-use microfiber capturing systems is discussed, and these devices are evaluated
against an ideal capturing system. A series of advantages, limitations, and opportunities are
described for the various systems, with the goal to guide the design and development of new, better,

and cheaper devices.

2. Brief Overview of Production, Origin, and Fate of Textile Microplastics and

Plastic Microfibers

Desirable properties of plastics-based garments, such as strength, stain resistance, softness,
perspiration and evaporation properties, have led to a significant increase in the production of
synthetic fabrics. However, synthetic fibers have lower melting points and higher combustion rates
compared to natural fibers, hence raising environmental concerns (Carr, 2017; Mishra et al., 2019).
This section provides a concise overview of production data, sources, and fate of synthetic textile
microplastics and plastic MFs, with a focus on those emitted in laundering activities. See Figure
S1 and Text S1 of the Supporting Information for a more detailed overview and for a review of

recent regulations pertaining to this issue.

Synthetic fibers and cotton together hold a dominating position in the global textile fiber
production landscape, where synthetic fibers make up 60% of the total output, while cotton
accounts for roughly 30%. Particularly, the demand for polyester fibers has seen a global growth
rate of approximately 7% in the last decade (Boucher & Friot, 2017). MF shedding to the
environment has surged from approximately 122 tons per year in 1950s to figures close to 360

kilotons in 2016, meaning a compound annual growth rate of 12.9% (Gavigan et al., 2020).



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

In terms of environmental fate, synthetic MFs are believed to be the most widespread
anthropogenic pollutant in the environment (Athey & Erdle, 2022). In fact, the majority of the MFs
released into the environment ultimately find their way, whether directly or indirectly, into aquatic
ecosystems, specifically in marine and surface water bodies. This is especially prevalent in regions
where WWTPs are either absent or inadequately equipped to ensure adequate MF removal.
Conversely, in areas with well-established WWTPs, a significant portion of the released MFs may
enter terrestrial environments through typical sludge disposal processes, if the sludge is used as
agricultural fertilizer (Saliu & Oladoja, 2021; Santos et al., 2021). The presence of MFs in the
environment is therefore ubiquitous. Table S1 summarizes the proportions of synthetic MFs found
in various matrices (Jia et al., 2019; Miller et al., 2017; Sun et al., 2019; Vidal et al., 2018; Yang

etal., 2019; Yuan et al., 2019).

Polyesters is the most common synthetic fiber globally; hence it is the most polluting, making
up over 56% of the accumulated microplastics in the ocean (Browne et al., 2011; Carney Almroth
et al., 2018). During the user phase, the primary cause of microfiber release into water sources is
arguably represented by domestic laundering of textiles, as noted by Sillanpdd & Sainio (2017).
While research studies claim that synthetic textiles release more MFs through natural weathering
processes (De Falco et al., 2018b; Hernandez et al., 2017; Napper & Thompson, 2016), microfibers
from domestic sewers and WWTP have been identified as two of the most significant sources of
MF contamination for marine and freshwater systems (Murphy et al., 2016; Ramasamy &

Subramanian, 2021).

3. Brief Overview of Sampling, Detection, and Analytical Techniques

This section provides a concise overview of the current best practices in terms of sampling,

detection, and techniques for the analyses of plastic MFs, based on previous studies and on the
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authors’ experience. Readers may refer to Text S2 of the Supporting Information for a more

detailed review of this topic.

Wastewater Sampling Procedures and Considerations

Microplastics and plastic MFs can either settle or float, making it imperative to minimize the
presence of clumped fibers before characterizing them, as emphasized by Belzagui et al. (2019).
Depending on the type of analysis to be performed, pre-filtration of the collected samples may be
necessary and the volume of the water sample should typically be 50 mL or more, depending on
the source and on the filtration system configuration (Mishra et al., 2019; Singh et al., 2020; Sun
et al., 2019). A study conducted by Hong et al. suggested that the use of filters with pore sizes <5
um may be sufficient to capture all MFs in wastewater samples (Hong et al., 2021). The fibers
collected on the filter paper should be air- or vacuum-dried. Subsequently, oxidation is a useful
means to eliminate organic matter and other contaminants (Aghdasinia et al., 2017; Hong et al.,

2021; Masura et al., 2015).

Detection and Analytical Approaches

Table 1 summarizes the most employed analytical approaches for MF characterization and
highlights the main advantages and limitations associated with each method. Scanning electron
microscopy (SEM) is the most employed microscopy technique utilized to identify MFs and
microplastics. However, other microscopy analyses, such as fluorescent microscopy, stereo
microscopy, optical microscopy, bright-field microscopy, phase contrast microscopy, and X-ray
analysis are also utilized for this purpose (Hamzah et al., 2021; Mishra et al., 2022; Padervand et
al., 2020; Tripathy et al., 2022; Yin et al., 2019). SEM is widely used because it allows gaining
information on the morphological structure of the fabrics, length and diameter, ageing and,

indirectly, their origin (Mishra et al., 2022). Moreover, SEM systems equipped with energy
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dispersive X-ray spectroscopy (EDS) can inform on the elemental composition of the polymeric
and composite materials (Ding et al., 2019). Another commonly used method for the detection of
microplastics and MFs is fluorescence microscopy, which allows for the characterization of all
fluorescence-emitting materials, including non-plastic materials (Anjana et al., 2020; Payton et al.,
2020). Nevertheless, microscopic approaches may not provide adequate information on chemical

composition.

Chemical characterization of MFs can be performed utilizing spectroscopic analyses. FT-IR
has become one of the most employed techniques for polymers identification, especially aimed at
the identification of synthetic MFs released during garment laundering (Hale et al., 2020). One
drawback of this technique is that it is normally unable to characterize materials with dimensions
below 10 pm, due to diffraction phenomena (Diimichen et al., 2017). Raman spectroscopy has
been increasingly used to overcome such limitations since it can be used for the characterization
of particles smaller than 1 um, the results not being affected by diffraction effects (Hale et al.,
2020). In these analyses, reference spectra libraries are needed for the proper identification and for
differentiation of different materials, which may prove challenging as individual spectra overlap

in mixed samples (Dey et al., 2021).

Thermo-analytical analyses are destructive methods, yet valid option for chemical
characterization of microplastics and synthetic MFs. In particular, mass spectrometry associated
with gas chromatography (GC-MS) allows the chemical characterization and the subsequent
identification of the polymers exploiting thermal properties of different compounds. Similar to
spectroscopy, MS-GC requires reference pyrogram libraries as reference in the course of the
analysis (Dey et al.,, 2021). An alternative method is thermal extraction desorption-gas

chromatography/mass spectrometry (TED-MS/GC), which offers the advantage of trapping

11
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degradation products of the original polymers on the solid phase. Consequently, subsequent
analysis can be performed directly on the solid phase, by thermal desorption GC-MS, thus
eliminating the need for pyrolysis (Diimichen et al., 2017). In general, methods based on GC
require extensive pretreatment, and the samples should be isolated and concentrated before

conducting the analysis.

A quick method for the quantification of microplastics and MFs in an aqueous sample is total
organic carbon (TOC) analysis (Hong et al., 2021). Drawbacks of TOC analysis is that it is a
destructive method and that it provides information on overall organic mass without distinguishing
fibers of different size, shape, or chemical composition, or microfibers from other organic
contaminants. Yet another approach for the classification and quantification of microfibers is
selective solvent extraction. Hexafluoroisopropanol was used as a suitable solvent for synthetic

MFs made of PET, nylon-6 (N-6), and polyacrylonitrile (Lim et al., 2022).

Summary and Unresolved Issues in Detection and Characterization

The vast majority of the techniques utilized for microfibers detection are offline, thus requiring
the collection of samples, for example during or after washing cycles, and subsequent analysis.
Weighing microfibers retained by proper filters is currently the most adopted offline strategy to
obtain a quick quantification of the fiber concentration in water. However, this technique is prone
to experimental errors and cannot obviously provide information on the nature of the fibers.
Moreover, as indicated by Rathinamoorthy & Raja Balasaraswathi (2023b), while weight-based
methods are simple and quick ways to quantify microfibers, the inclusion of surfactants and other
contaminants from the fabric or from the water can add additional weight and skew the
measurements. Many of the other, current techniques, e.g., SEM, FTIR, GC-MS, rely on

cumbersome sample preparation procedures and require the availability of expensive equipment,

12
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also involving skilled personnel. More streamlined, yet robust, offline techniques would contribute
to simplifying, widening, and standardizing investigations. Furthermore, the availability of a
technique allowing online or in-situ quantification of the microfibers suspended in the wash water
during the washing cycle would represent a critical simplification of both investigations and
emission control strategies. While in principle some characteristics of the wash water could be
exploited to quantify microfibers, such as turbidity or light absorbance, these methods are typically
affected by other constituents of the effluent and are impacted by several confounding factors. In
conclusion, major efforts are needed to provide robust, yet simple, analytical techniques for
quantification and characterization of microfibers, with the ideal goal of developing a methodology
that works effectively online and/or that can be standardized and adopted widely by all

stakeholders.

4. Textile Laundering as a Source of Microplastics and Plastic Microfibers

The following sections provide as summary of the numerous studies and research papers
investigating the effects of garment material, washing temperature, washing machine type,
washing cycle, water chemistry, and chemicals (with focus on the addition of detergents and
softeners), on release of plastic MFs during laundering activities. These aspects and their overall

effects are also visually represented in Figure 1 for better clarity.

Effects of Garment Material and Characteristics

The nature of garment materials has been studied considering 6 kg as a typical washing
machine load (Napper & Thompson, 2016; Pirc et al., 2016). The data available in the literature
on MFs release based on the material were classified in this review, and typical values are listed
in Table S3 (Supporting Information). Variability in washing cycle methodologies and fiber

analysis methods presents a significant challenge in comparing and systematizing available data.
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However, general trends suggest that a more substantial fibers release occurred when exclusively
synthetic materials were used. Moreover, according to O’Loughlin (2018), the maximum MFs
release usually occurs during the first wash, which may be related to the loose fibers left on and
within the garment structure during production. The data also suggest that MFs release from

polyester garments is lower compared to that from other synthetic materials, such as acrylic or
polypropylene.

Effects of Washing Temperature

Multiple studies have shown that the higher the washing temperature, the more pronounced
the MF release (Galvao et al., 2020; Le et al., 2022; O’Loughlin, 2018; Rathinamoorthy & Raja
Balasaraswathi, 2021). Higher temperatures promote the expansion of yarns, reduce the strength
between the bonds of the filaments, both mechanisms possibly resulting in an increase of MF
release (Le et al., 2022). For instance, Yang et al, indicated that the release of MFs from a garment
made of polyester was considerably higher at 60 °C compared to a washing cycle performed at 30
°C (at full load washing condition) (Yang et al., 2019). Other than yarn expansion, De Falco et al.
(2018b) pointed at the increase in surface hydrolysis of the synthetic textile as an explanation for

release at higher temperatures.

Effects of Washing Machines Type

Hartline et al. (2016) investigated MF emission in two types of top-loaded (drum rotation
around the vertical axis) and front-loaded (drum rotation around the horizontal axis) machines.
They observed that MFs release in top-loaded machines was much more substantial (1906 mg)
compared to that observed with the front-loaded ones (220 mg). Reportedly, this result was due to
a higher abrasion as a result of stronger agitation and friction in the top-loaded machines, which

was also confirmed by other studies (Hazlehurst et al., 2023).
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Effects of Washing Cycle

MFs shedding is reportedly influenced by the mechanical stress and the duration of agitation
applied during washing (Rathinamoorthy & Raja Balasaraswathi, 2021). As a general trend, the
intensity of the MF shedding was observed to decline significantly after the first couple of washes,
particularly after the first wash (Napper & Thompson, 2016). For example, a study by Cai et al.
(2020) indicated that MF release was stabilized after the fifth wash, with levels potentially being
6 to 120 times higher in the first wash compared to the tenth wash. There are studies implying that
the duration of the washing cycle does not have a significant impact on MF release (Kelly et al.,
2019). These studies indicated that the amount of MFs found in samples collected after 15 min and
60 min washing cycles was nearly the same, leading to the reasonable conclusion that the main
release of MFs occurred within the first 15 min of washing cycle. However, the outcome varies
based on diverse textiles and washing cycle patterns. Based on the authors’ observation, the longer
the tumbling portion of the cycle, the more mechanical abrasion occurs, leading to a higher

likelihood of MF shedding, while the effect of spinning rate remains uncertain.
Effects of Water Chemistry and Chemical Additives

To the best of our knowledge, there are no detailed research studies conducted to fully
understand the influence of initial water chemistry. De Falco et al. (2018b) assessed the effect of
water hardness, detergents, laundering duration, and temperature, revealing that the use of hard
water increased MF shedding compared to distilled water. On the other hand, chemical additives
(i.e., detergents and softeners) are outlined as critical parameters intensifying the MF shedding
during the washing of the garments. It is believed that the application of both solids and liquids
detergents usually results in a more substantial MF release compared with cases whereby no

detergents are present (Le et al., 2022; Zambrano et al., 2019). Typically, commercial detergents
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and softeners elevating water pH may induce chemical damage and textile degradation as a result
of hydrolysis (Bishop, 1995; Rathinamoorthy & Raja Balasaraswathi, 2021). In another research
study, a significant increase in MF shedding was observed when non-bio detergent was employed
compared to cases involving bio or no detergent (Napper & Thompson, 2016). However, there are
also research reports implying the positive role of surfactants against MF release (Bishop, 1995;
Hernandez et al., 2017). Solid detergents seem to contribute to MF release compared to liquid
counterparts due to increased friction and cloth abrasion, but this phenomenon is currently subject
of conflicting study outcomes (Issac & Kandasubramanian, 2021). While some studies suggest
that washing products do not have a significant influence, one research study reported that their
use may reduce MF release (Acharya et al., 2021; Li et al., 2023; Madhav et al., 2018). In summary,
no strong consensus has been reached on the impact or effect of detergents or softeners on MF
release, although the majority of studies indicate a likely increase in emission in the presence of

chemicals.

Effects of Drying Conditions

Tumble dryers play a direct role in MF emission to the ambient atmosphere. More specifically,
considering the fact that such equipment operates at medium to high spinning rates and
temperatures, when a piece of garment is rotating in the drum of a forced-air dryer, MFs can be
shed from the textiles (O'Brien et al., 2020). Moreover, the emission of MFs originating from large-
scale dryers are unspecified, yet might be not negligible (Kapp & Miller, 2020; Tao et al., 2022).
The use of tumble dryers may translate into a release of MFs from garments due to mechanical
abrasion (Amber M. Cummins et al., 2023). Unfortunately, most of the studies on the impact of
garment laundering activities focused on MF release during washing, while drying has not been

investigated adequately. In a recent research study, Tao et al. (2022) estimated that an average
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Canadian household releases from 9x107 to 12x10” MFs from a single dryer per year. They also
developed a filtration system to reduce the emission of MFs into the atmosphere. In another study,
Kapp & Miller (2020) confirmed the emission of the MFs by household tumble dryers into the air
through ventilation. They indicated that small fibers could travel over 9 meters away from the

effluent of the ventilation.
Other Influential Parameters

There are other influential parameters on plastic MFs release, such as the garment loading into
the washing machine, the quantity of washing water, yarn type, the specific mass of the garment
(mass per unit area), the garment design, sewing, thickness, and compactness. A higher loading
leads to reduced friction and, consequently, lower MFs release per unit of load (Hazlehurst et al.,
2023). Moreover, according to a research study, the amount of washing water seems to have a
direct impact on MF release, specifically, higher water/load ratios tend to increase MF release
because of higher hydrodynamic pressure on the fabric structure (Lant et al., 2020). Additionally,
washing garments with different yarn types leaves different footprints on MF release: spun yarns
was observed to cause larger MF release compared to filaments, since the former are shorter in
length and are characterized by higher mobility (Choi et al., 2021). Also, by comparing twisted
and non-twisted filament yarns, the latter seem to release higher quantity of MFs with respect to
the former. Focusing on the characteristics of the garment structure, larger mass per unit of area
and larger thickness of the structure result in a higher release of MFs, due to an increase in the
number of fibers per unit area (Raja Balasaraswathi & Rathinamoorthy, 2022). Moreover, a more
compact structure is more resistant to mechanical friction, potentially reducing MF release (De

Falco et al., 2019b; Raja Balasaraswathi & Rathinamoorthy, 2022; Yang et al., 2019).
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Summary and Unresolved Issues

The release of MFs varies extensively depending on the garment material, design, and
laundering conditions. Attempting to provide a concise summary, it may be stated that, according
to the current understanding, polyester is characterized by lower shedding with respect to other
synthetic MFs. Moreover, higher washing temperatures and top-loaded washing machines are
regarded to contribute to higher emissions of MFs. Most of the MFs from an individual garment
seem to be released in the first or in the first few (1-4) washes. The use of hard water and detergents
may also increase microfiber shedding. Additional parameters may also affect microfiber release,

but further research is needed to better understand such phenomena.

Despite significant efforts to study the release of MFs from household washing machines, there
is a lack of standardized test methods (Gaylarde et al., 2021). Most existing protocols are adapted
from garment dye resistance testing and do not precisely replicate MF emission from washing
machines (Mishra et al.,, 2022). Furthermore, the wide variety of garments, detergents and
chemicals, variations in source water chemistry, and differences in washing programs, creates
variability in experimental parameters and data analysis across different studies. To the best of our
knowledge, the entire body of investigation has been conducted so far using fresh apparel. The
amount MFs released from the clothes that have been already extensively worn, as well as the
possible effects of dirt and microorganisms on MFs shedding during laundering, are largely
unknown. Another issue that has not been studied is that a broad range of textile structural
compactness can be obtained using different machineries employed to produce apparels in
different companies, which may significantly affect MFs release during laundering. Regarding this
issue, Zambrano et al. (2019) suggested that fabrics with higher abrasion resistance, lower

hairiness, and higher yarn strength released lower amounts of microfibers. In addition to that, while
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research reporting absolute values of MFs released during laundering activities are important,
statistically robust analyses of the trends may arguably provide a more consequential knowledge
and ideally providing means to predict microfibers release. For example, correlations should be
proposed that describe the amount of MFs released as a function of different variables (e.g.,
temperature, softener amount, washing time), and normalized parameters may be identified that

provide a way to more easily compare the number of microfibers released per unit variable.

Another important characteristic that is seldom reported but which may play a critical role in
our ability to intercept shed microfibers and reduce their impacts, is related not merely to their
amount but to their shape and size. Different variables related to the garments or to the laundering
activity produce microfibers of different morphological characteristics, because these properties
govern the mechanism of filtration by centralized or point-of-use treatment devices. In other
words, a washing cycle producing a high amount of easily filterable MFs may be regarded as more
advantageous from a practical point of view, and it should be preferred to a different cycle

producing less shedding of recalcitrant materials.
5. Point-of use Removal from Laundering Wastewater

Approaches for removing microplastic and MFs released into aqueous streams and
wastewaters by textile laundering (Figure 2) may be classified in two distinct strategies based on
the point of application: a) point-of-use treatment methods to remove contaminants directly at the
origin, such as in-drum systems designed for the sequestration of microfibers during the washing
cycle and out-drum filters utilized for extracting microfibers from washing machine drains; b) ex-
situ treatment methods, which encompass approaches for MF removal in centralized or

decentralized large scale systems (e.g., wastewater treatment plants). The subsequent sections
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exclusively delve into the point-of-use strategies, presenting an overview of the primary solutions

available in the market while emphasizing the strengths and limitations of each approach.

Characteristics of an Ideal Point-of-use Device

Essentially, an ideal in-situ filtration system is defined as a device able to capture all or near
all the microplastics and MFs, whereby pore clogging or cake formation phenomena are minimized
or controlled, such that they do not occur or do not significantly interrupt or disrupt the removal
target in long-term operation. Moreover, an ideal device is inexpensive, easy to install, use, clean
and maintain, occupies minimal space inside or outside the washing machine and ideally allows

retrofitting of existing washing machines (Figure S4 of the Supporting Information).

In-drum Devices

To the best of our knowledge, there are only two types of in-drum devices available on the

market: Cora Ball and laundry bags.

i Cora ball:

Cora ball is a ball shaped device with stalks that have small hooks on their ends with the aim
of collecting MFs from wash water by direct application inside the washing machine (Cora Ball,
n.d.). Such balls are placed in the machine drum along with the garments, where MFs are captured
by the hooked stalks. According to the founder of Cora ball, these devices can capture up to 35%
of the shed MFs during a washing cycle (Anis & Classon, 2017). Mcllwraith et al. (2019) assessed
the release of MFs from fleece blankets made purely from polyester, both in the presence and in
the absence of Cora ball. In another study, Napper et al. (2020) evaluated five different
commercially available MF capturing devices, Cora balls included. These authors used three

textiles made respectively of 100% polyester, 100% acrylic, and a 60% polyester / 40% cotton
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blend. Results showed that the Cora ball was able to reduce the amount of MFs released in the
drained wastewater by 31 + 8%, based on mass measurements. However, the performance of the
device was affected by the types of clothes washed. In particular, the Cora ball was more efficient

at capturing longer microfibers compared to shorter ones.

In general, Cora ball devices are considered simple and user-friendly. However, their cleaning
may be tedious, due to the fibers getting entangled in the stretchy plastic material (Ramasamy &
Subramanian, 2021). Additionally, their overall performance in terms of MF abatement is not
necessarily satisfactory, and they are not recommended for use when washing knits, delicate
fabrics, fabrics with tassels, or those with fraying threads, as the devices may pull the threads and
cause damage to the garments, as stated by the Cora ball manufacturer. Technically, any additional
device inside the drum that increases the tension and abrasion of the garments may be a potential

factor to increase MFs shedding.

ii. Washing bags

Guppyfriend and Fourth Element are two types of laundering mesh bags inside which the
garments are placed before washing. Both bags have a mesh pore size of 50 pm, which enables
them to capture some MFs released from garments and prevent their release into the washing
effluent. Napper et al. (2020) conducted a study to evaluate the efficiency of Guppyfriend and
Fourth Element washing bags under different washing conditions and with various garments. They
found that the Fourth Element washing bag showed the least effective results, with only 21 + 9%
MF removal compared to other devices tested. On the other hand, Guppyfriend was the second-
best performer and retained 54 + 1% of the released MFs during washing. O’Loughlin (2018)
investigated the release of MFs from fleece jackets and swimwear made of different synthetic

fibers and evaluated the performance of washing bags in capturing MFs. They observed that
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Guppyfriend bags were able to retain 87% of the MFs released from swimwear, while the retention
rate was 91% for fleece jackets. Notably, the utilization of laundry bags also led to a substantial
reduction in MF release from garments, with rates ranging from 0.4% to 5%. This reduction is
likely a result of washing bags mitigating abrasion and the negative impacts of mechanical

agitation during the washing process.

Overall, washing bags have a straightforward design and do not require complicated
instructions. Additionally, washing bags are not limited in application in terms of materials or
garments type, and they can be used for almost all types of clothes. However, further investigations
are needed to assess their efficiency, as demonstrated by the lesser performance of the Fourth
Element bags, despite their similar structure and pore sizes to Guppyfriend bags. Additionally, a
drawback of laundry bags pertains to their material composition, being primarily constructed from
nylon, a substance known for its propensity to shed. Furthermore, the microfibers captured within

the bag, in constant contact with the clothing, can eventually re-deposit onto the garments.
Out-drum Devices

Compared to in-drum devices, a larger number of devices have been developed for installation
outside of washing machine drums, as inline equipment that filter microplastics and MFs from the

drain of washing machines.
i. LUV-R lint filter

LUV-R lint filters are among the earliest developed filters designed for MF capture. According
to the manufacturer, Environmental Enhancements (n.d.), these filters can effectively reduce MFs
by 65% when freshly placed inside the casing and by nearly 100% when their surface has already

accumulated filtered material. They consist of two types of metal meshes with pore sizes of 285
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pum and 175 pm, housed in a transparent casing, which facilitates easy and rapid inspection.
However, it is important to note that this design may potentially encourage the growth of
microalgae and other photosynthetic microorganisms within the filter (Burrows et al., 2021).
Mcllwraith et al. (2019) conducted a study to evaluate the efficiency of these filters in removing
MFs emitted from polyester garments. According to their findings, the LUV-R lint filter was able
to retain 87% of the released MFs based on count and 80% based on weight measurements.
However, the filter demonstrated greater capability in capturing longer fibers compared to shorter
ones. Napper et al. (2020) also investigated the LUV-R lint filter for the removal of MFs emitted
during the washing of various garments. However, their results differed significantly from the other
study, with only 29 + 2% MF removal observed. This discrepancy may be attributed to differences
in experimental conditions and washing machines employed. Mcllwraith et al. deployed a top-
loaded laundry machine, which resulted in higher MF emissions compared to the study by Napper
et al., whereby front-loaded machines were used. In other words, the higher the MF emissions
during washing, the faster the filter saturation occurs, potentially leading to better removal rate,
consistent with the manufacturer claims. The LUV-R lint filters are easy to install outside of
washing machines and they are mechanically resistant and washable, being made of metal meshes.
However, it is crucial to highlight that washable filters may potentially represent a secondary
source of contamination. Although the accumulated cake inside the filter or casing is easy to clean,
improper cleaning methods, such as rinsing in a sink, could lead to the inadvertent reintroduction
of microfibers into the sewage network, thus defeating the filtration purpose. LUV-R lint filters are
large in size and can retain a significant volume of drain water even after the washing cycle has
concluded. This lingering water can create a fertile environment for microorganisms’ growth if the

filters are used infrequently or if they are not adequately emptied and cleaned. Additionally, their
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relatively coarse mesh design may sometimes prove less effective in adequately capturing MFs

characterized by shorter lengths.
ii. PlanetCare Filter

Unlike LUV-R filters, PlanetCare out-drum filters do not contain any metal parts, and their
outer filter meshes have a pore size of 200 um (Napper et al., 2020). They contain foam-like strings
embedded inside the filters. This design allows the filter to capture larger/longer MFs and enhance
the removal of smaller/shorter MFs as well. According to the manufacturer, PlanetCare (n.d.),
these filters have a 90% efficiency in removing MFs from washing machine wastewaters. Martinko
(October 13, 2020) reported that PlanetCare filters achieved approximately 60-80% MF removal
from washing machine wastewaters, although these results have not yet been published in a
scientific journal at this time. However, according to the results obtained by Napper et al. (2020),
the efficiency of PlanetCare filters in capturing MFs released from polyester and acrylic garments
was only 29 + 2%. As a drawback, similar to LUV-R lint filters, the accumulation of a considerable
amount of wastewater inside the casing increases the risk of biological growth that may lead to
biofouling of the filters. On the other hand, unlike the LUV-R lint filter, the PlanetCare filter has
no transparent casing, thwarting the growth of microalgae but in turn preventing the possibility to
observe the containing wastewater and the status of the filter. In line with their environmental
protection objectives, PlanetCare currently collects used filters from customers and provides them
with new filters, which is a cautious move that may reduce the unconscious and inappropriate
disposal of filters by the users. The company has also announced that the recovered MFs from the
filters will be utilized in manufacturing insulation panels for washing machines or in-car

upholstery (Brodin et al., 2018). Unfortunately, there is no sufficient data in the literature regarding
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the performance of PlanetCare filters measured under different conditions and for different

apparels.
iii. Filtrol160™

Filtrol 160™ lint filter is another type of inline filtration system that does not contain any metal
parts. It consists of a transparent casing and a reusable bag/lint flexible filter, which is similar to
wine filtering bags with rubber sealings. According to the manufacturer, Filtrol (n.d.), the lint filter,
with pore sizes of about 100 pm, can be washed and reused after 10-15 cycles of washing. In a
simple experiment reported in an internet blog (Olivia, 2020), it was found that Filtrol 160™
achieved approximately 89% MF removal based on weight measurements . On the other hand, The
Swedish Environmental Protection Agency reported in 2018 that Filtrol 160™ was capable of
reducing the release of MFs in the washing effluent by about 30-60% (Brodin et al., 2018). Filtrol
160™ has a simple structure that makes it easy to install, maintain, and clean. Similar to washing
bags, Filtrol 160™ includes a flexible bag-like filter that simplifies the removal of the captured
MFs aggregate, especially when they contain moisture. However, proper handling of the collected
microfibers is imperative, as these should not be washed in a sink or any other way that would

represent a new source of contamination. In addition, similar to other mentioned filtrations

systems, the performance of Filtrol 160™ has not been systematically evaluated.
iv. XFiltra

Xeros Technology Group (n.d.) developed a filtration system named XFiltra, designed to
capture microplastics and MFs from washing machine wastewater, which, unlike the other
alternatives, is installed inside the machine’s cabinet. XFiltra is an inline filtration system
comprising a pump, a dewatering device, and an outer filter with a mesh pore size of 60 um. The

company claims that the device can remove more than 90% of the microplastics released during
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washing. Additionally, the fibers trapped inside the filter are spun dry, facilitating the cleaning
process, although the system has a more complex structure compared to other alternatives (Brodin
et al., 2018). Napper et al. (2020) tested and evaluated the efficiency of Filtra for different
garments using a front-loaded washing machine. They concluded that XFiltra showed the best
performance among all the alternatives tested (Cora ball, Guppyfriend washing bag, Fourth
Element washing bag, PlanetCare), achieving a removal efficiency of 78 + 5%. This performance
was attributed to the finer meshes, as also mentioned by Ramasamy & Subramanian (2021).
However, due to their pore size and the presence of only one filter in the system, the device is
susceptible to pore clogging, thus reducing its performance after repeated washing cycles.
Additionally, the inclusion of a spun dryer in the system requires extra maintenance compared to
alternative filters. Regarding the cleaning process, the manufacturer states that it is a simple
procedure that requires minimal manual handling and the collected MFs can be removed in dry
state, even allowing for disposal as recycled plastic waste when in line with the local policies.
Currently, Xeros does not provide the filters separately and XFiltra is being sold pre-installed on
washing machines produced by the manufacturer. Xeros has also introduced XFiltra 2, a larger and
more sophisticated filtration system for industrial laundry facilities. Unfortunately, no data are

available about its structure or performance.
. AEG Microplastic Filter

The AEG microplastic filter includes a plastic straining mesh and a casing, similar to other out-
drum filtration devices. According to the manufacturer, AEG (n.d.), it is capable of capturing over
90% of MFs larger than 45 um that are released during the washing process. The collected MFs
need to be manually removed whenever an indicator signals that cleaning is required. AEG also

claims that more than half of the accessories used in the AEG microplastic filter are made from
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recycled plastics. AEG microplastic filter has an appealing design, is easy to dismount and
generally user-friendly. The casing is not transparent and is larger than that of other filters
mentioned above, being able to hold about ~2.4 L of wastewater. As of now, there is no published

research or case study available in the literature that examines the performance of AEG filters.

Vi. Gulp Microplastic Filter

Gulp microplastic filters include a transparent casing, a holder, and a metal filter. Currently in
the fundraising stage, this product has not yet been released to the market. According to the
developers (Gulp, n.d), Gulp filters offer ease of use and maintenance, eliminating the need for
wall or panel mounting. Additionally, they claim that the filter efficiently captures virtually all
microplastics and MFs released during washing, accumulating them in a near-dry pile of collected
fibers. According to the Gulp developers, manual cleaning of the filter is needed approximately
every 10-15 washes, as indicated by a LED light on the device. Interestingly, the developers accept
the collected MFs from customers and recycle them for future use. However, it is worth noting

that no published reports indicating the filter performance are available in the literature.

Advantages, Disadvantages, and Challenges

Table 2 provides a summary of the properties of current commercial point-of-use MF removal
systems, based on the available literature and manufacturers’ specifications. Compared to out-
drum devices, Cora ball and laundry bags are easier to use, as they do not require installation and
take up no space inside or outside the washing machine. In terms of microfiber capture, neither in-
drum nor out-drum systems alone seem to be incapable of capturing more than roughly 91% of
released microfibers. In-drum devices seem to provide poorer results compared to out-drum

devices. While certain washing bags have proven effective in limiting MF shedding by minimizing
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mechanical abrasion on garments, they may also diminish the washing efficiency and encourage

the re-deposition of released microfibers onto the clothing.

Except for the Cora ball device, all the other available filtration systems contain mesh-based
filtration materials with different pore sizes. This highlights the potential for efficiency
enhancement through the creation of innovative, optimized filters. However, the use of finer
meshes cannot be considered the only viable solution to improve filter efficiency, due to
mechanical and technical limitations. Specifically, the use of smaller pore sizes increases the risk
of filter fouling and clogging, which can lead to a higher-pressure gradient across the filters and
low water flow. Over the long term, heightened pressure losses may pose a risk of failure for the
washing machine’s drain pump and electrical components. Nearly all the filters currently available
on the market use meshes with sizes larger than 50 pm, likely due to the use of relatively weak
drain pumps in the washing machine Replacement with stronger, more expensive pumps in the
case of denser filters may be needed. However, studies found that the majority of released MFs
have sizes smaller than 50 pm, mostly ranging from 10 to 15 pm. This implies that the efficacy of
the filters relies substantially on secondary filtration mechanism, e.g., cake filtration, provided by
previously deposited fibers. Ultimately, a trade-off exists between the water flux reduction and the
filtration efficiency enhancement due to cake formation. In this direction, the introduction of self-
cleaning systems, such as the XFiltra, is anticipated to be the next area of focus for filtration system

developers.

Several challenges should still be tackled to effectively mitigate the release of microfibers into
the environment. A chief example is the cleaning and disposal of clogged filters and the
management of collected MFs. There is risk of improper disposal of used filters and collected

microfibers, as users may be tempted to wash the filters and discharge waste into sewage, thus
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completely defeating the removal device's purpose. Furthermore, inadequate cleaning procedures

may lead to potential airborne microfiber release, an often-overlooked issue. In conclusion,

manufacturers and consumers would prefer a filtration system that does not add extra space

requirements when installed outside washing machines and requires less frequent or more

manageable cleanings.
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6. Future Perspectives and Final Remarks

The textile industry plays a crucial role in addressing plastic microfibers source control.
Indeed, some authors indicate that manufacturers and retailers must take most of the responsibility
for fiber shedding and reduction thereof. Encouraging industry to limit the production of synthetic
plastic-based fabrics and promote the use of biodegradable materials and environmentally friendly
manufacturing processes is a first and important step in this direction (Anjana et al., 2020; Choi et
al., 2021). Possibly the first and foremost action to limit MF release during laundering consists of
mitigation strategies at the production stage, as indicated and proposed by several authors (De
Falco et al., 2019a; De Falco et al., 2018a; Kang et al., 2021; Qian et al., 2023; Ramasamy &
Subramanian, 2023; Rathinamoorthy & Raja Balasaraswathi, 2023a; Rathinamoorthy & Raja
Balasaraswathi, 2023c). Note that these topics are not in the scope of this review. Furthermore,
manufacturers should be encouraged to utilize recycled/recyclable materials and facilitate garment
recovery strategies. Despite ongoing efforts, the textile industry remains predominantly linear,

with significant room for enhancement in moving towards a circular model.

Thus, important emphasis should also be put on mitigating the release of microfibers during
laundering activities, since household washing machines are a major source of MF release into
sewage networks and subsequently into the environment. Several researchers have provided
recommendations for modifying laundering conditions, such as lowering washing temperature,
detergent consumption, and mechanical abrasion. However, simply changing washing conditions
may not completely address the issue of MF release. Acknowledging this constraint, manufacturers
of filtration systems have opted for a practical approach by developing point-of-use devices,
chiefly filters, to directly capture a sizable portion of MFs released during washing. Nevertheless,

the performance of these systems remains insufficient to achieve reliably high MF removal from
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wash water effluents. This limitation may also be attributed to fouling and pore clogging
occurrences, which demand either the selection of filters with larger pore sizes or the application
of more frequent cleaning and replacement of the filter systems. In fact, while enhancing MF
removal efficiency, the use of filters with excessively small mesh/pore sizes would exacerbate
fouling and pore blockage, thus compelling the utilization of drain pumps capable of generating
higher water heads to ensure uninterrupted drainage and to prevent damage to the washing

machines.

In this framework, new filtration systems are being designed and proposed, not only by the
industry but also by academic researchers (Belzagui et al., 2023). To maximize efficiency and
sustainability, filter design is expected to shift towards self-cleaning devices or systems that
incorporate dewatering or drying processes. Manufacturers have employed strategies to minimize
filter fouling and find a balance between removal efficiency and water fluxes. The primary
objective of this approach is therefore to extend the filter's operational duration between cleanings,
increasing it from the current 10-15 cycles to, ideally, 50 cycles or more. However, no matter how
excellent the filters performance, fouling is inevitable and cleaning procedure will be necessary.
Therefore, an ideal scenario would involve a cleaning procedure that is performed by the filtration
system itself, relieving the consumer of this task. Moreover, since self-cleaning systems would
need less frequent maintaining services, they may be embedded inside the washing machine
volume, avoiding occupation of external space. Alternatively, it is essential that the cleaning
process or filter replacement is straightforward, accompanied by clear instructions for customers
to guarantee the safe removal of microfibers once they have been captured during washing.
Without appropriate guidance on the proper disposal of filters or collected microfibers, there is a

risk of them ending up in sewage networks or the environment. Additionally, other separation or
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transformation processes, such as electrochemistry, dielectrophoresis, biodegradation or chemical
oxidation, may be combined with standard filtration systems to enhance separation efficiency
without compromising filtrate fluxes and minimizing pressure drops. This approach would lead to
the development of more sophisticated systems with higher removal efficiencies; it is important to
note that these advancements may increase the final product costs as well as maintenance-related

burdens and expenses.

Recently, authors have rightly pointed out that the textile industry and that MFs reduction
methods should be tailored based on different stakeholders (Stanton et al., 2023). MF release from
laundry machines is highly relevant for the Global North and current textile design is vastly based
on the assumption that an infrastructure for MF interception is available, which is however not
found everywhere in the world. Such an approach is only relevant for about 50% of the global
population. In the Global South community, people often launder without a machine, which
presents a significant challenge to quantifying, controlling, and intercepting shed MFs. In this
respect, the responsibility of the textile industry seems even higher, as garment construction and
design may be the primary way to reduce MF release for a large portion of the global population
(Stanton et al., 2023). In conclusion, addressing the release of microplastics and MFs requires a
comprehensive approach that encompasses source control, laundering design, and the treatment of
wastewater containing these pollutants. However, mitigating MF emissions is a global-scale
problem that can be only partly solved through the technical means reviewed in this work. Like
global warming and CO2 emissions, addressing this issue requires the initiation of a worldwide
campaign, the establishment of appropriate regulations, and their enforcement by local
governments and agencies. While users should not carry the main burden of microfiber release

reduction, raising global awareness remains a key step, for example encouraging individuals to
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choose environmentally friendly clothing and laundering options, thus potentially placing some
pressure on manufacturers and retailers of textiles, garments, and washing machines. Achieving
the required level of awareness and responsibility requires collaborative efforts from the textile

industry, environmental groups, institutions, and all other stakeholders.
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Table 1. Analytical approaches for MF characterization.

Method Qualitatiy € (_Quantitat.ive Destructive Main advantages Limitations
information information approach
e requires samples to be conductive or coated with a conductive
morphology, semi- _ o layer . .
structure of the uantitative e high-resolution images e can be time-consuming
1SEM fabrics, length, qnumber of might be o reveal fine surface and morphological characteristics e provides 2D images of the sample surface
diamgter, fibers e provides a larger depth of field compared to optical microscopy e cannot provide information about the fibers internal structure
ageing e the electron beam can damage samples, particularly sensitive
biological materials
o itis primarily a surface technique and may not provide information
o provides information about the elemental composition of MFs about the composition of elements within the MFs core
| tal e can quantitatively determine the concentration of elements e sensitivity to sample thickness
2EDS cir?&?;ti)n - yes o suitable for characterizing a wide range of elements o limitations in detecting elements with very low atomic numbers
e provide high spatial resolution when coupled with SEM or 3TEM (e.g., hydrogen and helium)
o allows to pinpoint the location of specific elements e is primarily used for qualitative and semi-quantitative analysis
rather than quantitative analyses
« highly sensitive: can detect small traces of fluorescently labeled * photobleaching after continuous exposure to light
molecules or structures e has a limited resolution by the diffraction limit, which is around 200
Fluorescence material e can pe used for live cgll imagilng, makipg it.suitable forl studying nanometers . .
microscopy identification - no dynamic processes and interactions in microfibers and biological . sgmples need to be appropriately labeled with fluorophores before
samples testing
o Multiple fluorophores with distinct emission spectra can be used e has limitation in depth penetration
simultaneously o limited elemental information
¢ sensitive to water and solvents, which can affect the
o highly effective for identifying the chemical composition of MFs mea§urements
Y L . o primarily analyzes the surface of the MFs
e can be used for both qualitative and quantitative analysis , ) i
4FT-IR . p°'.V.meT - no e sensitive to small quantities of material : fpr solid samplgs, they must be grounq into a flne powder and
identification . o typically pressed into a pellet or mixed with a matrix
o rapid data acquisition " .
) . . e does not offer data on elemental composition, making it less
o can be applied to a wide range of MFs materials suitable for identifying trace elements
e limited to infrared region
o fluorescence from the sample can interfere with Raman signals
o highly effective for identifying the chemical composition of MFs o sample heating or damage can occur under high-energy laser
Raman polymer o sensitive to small quantities of material, allowing for the detection used in Raman spectroscopy
spectroscopy | identification i no of trace components * limited depth profiling

o provide excellent spatial resolution, enabling microspectroscopy
e can be applied to a wide range of MFs materials

o water can strongly absorb and scatter the Raman signals, making
it challenging to analyze samples in aqueous environments

¢ lack of elemental information

! Scanning electron microscopy
2 Energy dispersive X-ray spectroscopy
3 Transmission electron microscopy
4 Fourier Transform Infrared spectroscopy
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« highly sensitive: can detect and quantify trace levels of compounds

o allows for the identification of specific compounds when MS is
combined with GC

e sample preparation for GC-MS can be labor-intensive and may
require solvents or derivatization for certain compounds

chemical semi- e enables quantitative analysis o GC is most effective for volatile compounds than non- volatile
SMS/GC composition, quantitative yes o an effective separation technique for compounds in complex e incompatibility with certain materials
polymer mass . ) ) o
identification concentration mlxture.s . ' o . |nt§rpret|ng GQ-MS results can be complex, as it involves
o offering information about the mass-to-charge ratio of ions identifying peaks in chromatograms
o providing high specificity in compound identification e lack of elemental information
o Multicomponent Analysis
o sample preparation for TED-GC/MS can be labor-intensive and
may require specific procedures to extract and prepare the
chemical semi- o highly sensitive: can detect and quantify trace levels of compounds ~ compounds of interest
§TED-MS/GC composition, quantitative o allows for the identification of specific compounds o |t is most effective for volatile compounds than non- volatile
- yes . . ) e W
polymer mass o selective analysis for the compounds of interest « sensitivity to thermal decomposition
identification concentration o multicomponent analysis e interpreting GC-MS results can be complex, as it involves
identifying peaks in chromatograms
o lack of elemental information
e it does not provide specific information about the nature of the
organic compounds
. _ ) e inorganic carbon, such as carbonate and bicarbonate, can
;orp:trgr\:;des a quantitative measurement of the total organic carbon interfere with TOC measurements
00 total mass o rapid analysis o sample preparation may be required, especially for solid samples
. - . yes . . . e it may overestimate the organic carbon content when inorganic
analysis concentration o can be applied to a wide range of MFs materials carbon s present
e modern TQC anglyzers can achieve Igw detection limits e lack of structural information
* canbe easily calibrated and standardized o limited sensitivity to low molecular weight compounds
e high-quality TOC analyzers can be expensive
¢ incompatibility with some materials
o the quality of the statistical analysis is highly dependent on the
quality of the data.
« provides quantitative insights into various aspects of microfibers, e inaccurate or incomplete data can lead to erroneous conclusions
such as size, shape, composition, and distribution e the reliability of the data relates to the considered assumptions
Statistical number of . glloyv drawing inferences about populatigns based on samples, such as pormal distributiqn or homoscedasticity, and violating these
Analyses - fibers no which is .partlcularly gseful when characterizing MFs that are assumptpn; can Iefad to .|naccurate resylts 3 .
challenging to examine entirely e establishing relationships often requires additional experimental
o can reveal patterns and relationships within large datasets of MFs  design
characteristics o small sample sizes may limit the statistical power, making it
challenging to detect significant differences or relationships between
microfiber properties
676

5 Gas chromatography
6 Thermal extraction desorption-gas chromatography/mass spectrometry
" Total organic carbon
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Type of garment Temperature
(e.g., design, material
construction) Chemical additives

Washing load . Water hardness

Water load o Spinning rate

Likely increases MF release
Depends on the type
Uncertain

Likely reduces MF release

OO0

8

Duration of Washing machine
washing cycle type
e.qg., duration of tumblin
677 (e.g g)
678 Figure 1. Main parameters affecting the release of microfibers during household laundering of textiles
679 based on current literature, and their effect on the emitted quantity. The washing parameters are
680 qualitatively classified in four categories of relevance.
681
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682

683
684
685

/ point-of-use MF capturing \

in-drum devices
(n = 21-90%)

embedded external
(n~78%) || (n~29-89%)

out-drum in-line devices

ex-situ MF removal\
(n = 55-99%)

Figure 2. Different approaches for capturing of microfibers released during the laundering of textiles

with household washing machine. Each approach is associated with a value or a range of values of

microfiber retention efficiency () based on current literature.
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686

Table 2. Comparison of available point-of-use devices aimed at capturing plastic microfibers.

':Fs. capturing Typg of MFs mass renu\oval Garments used Price Technical characterizations Advantages Drawbacks Reference (other than
evice device efficiency (%) (Euro) the manufacturer)
polyester fleece o Low efficiency
blanket  Flow configuration: - o Simple structure o Hard to clean
Cora ball in-drum ~25.31 Polyéster 62 o Material: Plastics e Easytouse o Increasing mechanical (Mcliwraith et al., 2019;
acrylic (USD) Filtration surf a:na  Reusablefor abrasion Napper et al., 2020)
60% polyester / * Filtration surface area (cm?): numerous times » Non-biodegradable
40% cotton blend plastic structure
 Material: Polyamide (100%) o Simple concept -
Polyester o Layers: Single-layer o Easy touse > Low ieffllclency
| ~21 (Forth element) Acic ' ) ) o Possibility of MFs (Napper et al., 2020;
Washing bag in-drum ~54 91 ry 30 . F?oselS|ze (um): 50 o Inexpensive release from the bags ’PP al., ;
(Guppyfriend) 60% polyester / Filtration surface area (cm2): 7400 e Reducing « Non-biodearadable O’Loughlin, 2018)
40% cotton blend mechanical lastic stru?:ture
abrasion P
o Flow configuration: Outside-in o Low efficiency
o Filter material: Stainless steel  High price
’ e Easy to use and ) -
et < Cosnglame (nLy 150 e " e
. Acryli 1 ¢ Lasing volume (mL). ~ . -plasti Mcllwraith et al., 2019;
LUV-R fint out-drum ~29-87 eg;y :olyester/ (Ugg) « Filter pore size (um): 150-180 fniihpe'is“ * Not applicable in ( Napp:r et alf 20200)9
40% cotton blend  Filtration surface area (cm?):526.2 o Washable and Kﬂagsturmg small-length
reusable filters ) )
o Outside-machine
installation
o Flow configuration: Inside-out
Polyester onl]:gtser]r ar?]zt?gaarlr.])Plasnc (supported . Easy to use and o Moderate efficiency .
Acrylic 60% « Filter layers: Single-layer mesh install » Outside-machine (Martinko, October 13,
PlanetCare out-drum ~29-80 polyester / 40% 54 (with foams strips embedded inside)  * 2-step filtration mstallgtlon 2020; Napper et al.,
cotton blend e Casing volume (mL): ~1200 * Feturnable flters * Non-p lodegradable 2020)
« Filter pore size (um): ~200 0 company plastic structure
o Filtration surface area (cm2): 516.8
o Flow configuration: Inside-out o Easy to use and
o Filter material: Plastics (Flexible install o High price
bags) o Simple structure o Outside-machine
o Filter layers: Single-layer (fine o Flexible and installation
Filtrol 160 out-drum ~89 *NIA 160 mesh) reusable filters « Non-biodegradable (Olivia, 2020)
o Casing volume (mL): N/A o Higher operational plastic structure
o Filter pore size (um): 100 cycles e Qutside-machine
« Filtration surface area (cm?): N/A ~* Easy maintenance installation
and cleaning
»Flow configuration: multi-stage o |nside-machine o Not available
XFiltra (eﬁggg?jz d) ~78 izzﬁzter N/A  processes (cyclone, filtration and installation separately in the (Napper et al., 2020)

drying)

High Performance

market
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688

60% polyester / o Filter material: N/A e Higher operational o Non-biodegradable
40% cotton blend « Filter layers: Single-layer (fine cycles plastic structure
mesh) o MFs drying o Complicated structure
 Casing volume (mL): N/A o Easy cleaning o Difficult maintenance
o Filter pore size (um): 60
Filtration surface area (cm2): N/A
. F!ow conflglure.ltlon. !n5|de-out « Easy to use and . H|gh.pr|ce .
o Filter material: Plastic install o Outside-machine
o Filter layers: Single-layer (Fine ) installation
AEG Filter out-drum N/A N/A 82 mesh) vers: Sngerayer( * Easy cleaning « Non-biodegradable
o Casing volume (mL): ~2600 * Reusable and plastic structure
) ) washable filters
. Fl|Iter.pore size (um): 50 « Cleaning indicator o Large was.tewater
Filtration surface area (cm?): 471.2 accumulation
o Flow configuration: Inside-out e Easy touse and
o Filter material: Metal install e Outside-machine
« Filter layers: Single-layer (Fine * Easy cleaning installation
Gulp Filter out-drum N/A N/A N/A mesh) o MFs drying o Non-biodegradable
o Casing volume (mL): N/A o Reusable filter plastic structure
o Filter pore size (um): N/A e LED cleaning o Large size
Filtration surface area (cm2): N/A indicator

*N/A: Not available

40



689

690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720

References

Acharya, S., Rumi, S. S., Hu, Y., & Abidi, N. (2021). Microfibers from synthetic textiles as a major source of microplastics in
the environment: A review. Textile Research Journal, 91(17-18), 2136-2156. https://doi.org/10.1177/0040517521991244

AEG. (n.d.). AEG microplastic Filter. https://www.aeg.co.uk/care/inspiration/microplastic-filter/

Aghdasinia, H., Khataee, A., Sheikhi, M., & Takhtfiroozeh, P. (2017). Pilot plant fluidized-bed reactor for degradation of basic
blue 3 in heterogeneous fenton process in the presence of natural magnetite. Environmental Progress & Sustainable Energy, 36(4), 1039-
1048. https://doi.org/10.1002/ep.12569

Akyildiz, S. H., Bellopede, R., Sezgin, H., Yalcin-Enis, I., Yalcin, B., & Fiore, S. (2022). Detection and analysis of microfibers
and microplastics in wastewater from a textile company. Microplastics, 1(4), 572-586. https://doi.org/10.3390/microplastics 1040040

Amber M. Cummins, Adam K. Malekpour, Andrew J. Smith, Suzanne Lonsdale, John R. Dean, & Lant, N. J. (2023). Impact of
vented and condenser tumble dryers on waterborne and airborne microfiber pollution. PLoS ONE, 18(5), e0285548.
https://doi.org/10.1371/journal.pone.0285548

Anis, A., & Classon, S. (2017). Analysis of microplastic prevention methods from synthetic textiles.

Anjana, K., Hinduja, M., Sujitha, K., & Dharani, G. (2020). Review on plastic wastes in marine environment—Biodegradation
and biotechnological solutions. Marine Pollution Bulletin, 150, 110733. https://doi.org/10.1016/;.marpolbul.2019.110733

Athey, S. N., & Erdle, L. M. (2022). Are we underestimating anthropogenic microfiber pollution? A critical review of occurrence,
methods, and reporting. Environmental Toxicology and Chemistry, 41(4), 822-837. https://doi.org/10.1002/etc.5173

Belzagui, F., Crespi, M., Alvarez, A., Gutiérrez-Bouzan, C., & Vilaseca, M. (2019). Microplastics' emissions: Microfibers’
detachment from textile garments. Environmental Pollution, 248, 1028-1035. https://doi.org/10.1016/j.envpol.2019.02.059

Belzagui, F., & Gutiérrez-Bouzan, C. (2022). Review on alternatives for the reduction of textile microfibers emission to water.
Journal of Environmental Management, 317, 115347. https://doi.org/10.1016/j.jenvman.2022.115347

Belzagui, F., Gutiérrez-Bouzan, C., Carrillo-Navarrete, F., & Lopez-Grimau, V. (2023). Sustainable Filtering Systems to Reduce
Microfiber Emissions from Textiles during Household Laundering Polymers.

Bishop, D. P. (1995). Physical and chemical effects of domestic laundering processes In C. M. Carr (ed.) Chemistry of the textiles
industry, 125-172): Springer Dordrecht.

Blair, R. M., Waldron, S., & Gauchotte-Lindsay, C. (2019). Average daily flow of microplastics through a tertiary wastewater
treatment plant over a ten-month period. Water Research, 163, 114909. https://doi.org/10.1016/j.watres.2019.114909

Blettler, M. C., Ulla, M. A., Rabuffetti, A. P., & Garello, N. (2017). Plastic pollution in freshwater ecosystems: macro-, meso-,
and microplastic debris in a floodplain lake. Environmental monitoring and assessment, 189, 1-13. https://doi.org/10.1007/s10661-017-
6305-8

Boucher, J., & Friot, D. (2017). Primary microplastics in the oceans: a global evaluation of sources In C. G. Lundin and J. M. de
Sousa (eds.). Gland, Switzerland: International Union for Conservation of Nature and Natural Resources.

41



721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752

Brodin, M., Norin, H., Hanning, A.-C., & Persson, C. (2018). Filters for washing machines: mitigation of microplastic pollution.

Browne, M. A., Crump, P., Niven, S. J., Teuten, E., Tonkin, A., Galloway, T., & Thompson, R. (2011). Accumulation of
microplastic on shorelines woldwide: sources and sinks. Environmental science & technology, 45(21), 9175-9179.
https://doi.org/10.1021/es201811s

Burrows, R. M., Jonsson, M., Filtstrom, E., Andersson, J., & Sponseller, R. A. (2021). Interactive effects of light and nutrients
on stream algal growth modified by forest management in boreal landscapes. Forest Ecology and Management, 492, 119212.
https://doi.org/10.1016/j.foreco.2021.119212

Cai, Y., Yang, T., Mitrano, D. M., Heuberger, M., Hufenus, R., & Nowack, B. (2020). Systematic study of microplastic fiber
release from 12 different polyester textiles during washing. Environmental Science & Technology, 54(8), 4847-4855.
https://doi.org/10.1021/acs.est.9b07395

Carney Almroth, B. M., Astrém, L., Roslund, S., Petersson, H., Johansson, M., & Persson, N.-K. (2018). Quantifying shedding
of synthetic fibers from textiles; a source of microplastics released into the environment. Environmental Science and Pollution Research,
25, 1191-1199. https://doi.org/10.1007/s11356-017-0528-7

Carr, S. A. (2017). Sources and dispersive modes of micro-fibers in the environment. Integrated environmental assessment and
management, 13(3), 466-469. https://doi.org/10.1002/ieam.1916

Chot, J. S., Jung, Y.-J., Hong, N.-H., Hong, S. H., & Park, J.-W. (2018). Toxicological effects of irregularly shaped and spherical
microplastics in a marine teleost, the sheepshead minnow (Cyprinodon variegatus). Marine Pollution Bulletin, 129(1), 231-240.
https://doi.org/10.1016/j.marpolbul.2018.02.039

Choi, S., Kwon, M., Park, M.-J., & Kim, J. (2021). Analysis of microplastics released from plain woven classified by yarn types
during washing and drying. Polymers, 13(17), 2988. https://doi.org/10.3390/polym13172988

Cora Ball. (n.d.). Cora Ball: A Human-scale solution to microfiber pollution. https://www.coraball.com/

De Falco, F., Cocca, M., Guarino, V., Gentile, G., Ambrogi, V., Ambrosio, L., & Avella, M. (2019a). Novel finishing treatments
of polyamide fabrics by electrofluidodynamic process to reduce microplastic release during washings. Polymer Degradation and
Stability, 165, 110-116. https://doi.org/10.1016/j.polymdegradstab.2019.05.001

De Falco, F., Di Pace, E., Cocca, M., & Avella, M. (2019b). The contribution of washing processes of synthetic clothes to
microplastic pollution. Scientific Reports, 9(1), 6633. https://doi.org/10.1038/s41598-019-43023-x

De Falco, F., Gentile, G., Avolio, R., Errico, M. E., Di Pace, E., Ambrogi, V., Avella, M., & Cocca, M. (2018a). Pectin based
finishing to mitigate the impact of microplastics released by polyamide fabrics. Carbohydrate Polymers, 198, 175-180.
https://doi.org/10.1016/j.carbpol.2018.06.062

De Falco, F., Gullo, M. P., Gentile, G., Di Pace, E., Cocca, M., Gelabert, L., Brouta-Agnésa, M., Rovira, A., Escudero, R., &
Villalba, R. (2018b). Evaluation of microplastic release caused by textile washing processes of synthetic fabrics. Environmental
Pollution, 236, 916-925. https://doi.org/10.1016/j.envpol.2017.10.057

42



753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783

Dey, T. K., Uddin, M. E., & Jamal, M. (2021). Detection and removal of microplastics in wastewater: evolution and impact.
Environmental Science and Pollution Research, 28, 16925-16947. https://doi.org/10.1007/s11356-021-12943-5

Ding, J., Li, J., Sun, C,, Jiang, F., Ju, P., Qu, L., Zheng, Y., & He, C. (2019). Analytical methods organisms using a multi-
technology system. Analytical Methods, 11, 78-87. https://doi.org/10.1039/C8AY01974F

Dreillard, M., Barros, C. D., Rouchon, V., Emonnot, C., Lefebvre, V., Moreaud, M., Guillaume, D., Rimbault, F., & Pagerey, F.
(2022). Quantification and morphological characterization of microfibers emitted from textile washing. Science of the Total
Environment, 832, https://doi.org/10.1016/j.scitotenv.2022.154973

Diimichen, E., Eisentraut, P., Bannick, C. G., Barthel, A.-K., Senz, R., & Braun, U. (2017). Fast identification of microplastics
in  complex environmental samples by a thermal degradation method.  Chemosphere, 174,  572-584.
https://doi.org/10.1016/j.chemosphere.2017.02.010

Environmental Enhancements (n.d.). The Lint LUV-R Septic SAV-R.
https://environmentalenhancements.com/home/index.php/products/products-lint-filter

Filtrol. (n.d.). Filtrol 160 TM. https://filtrol.net

Galvao, A., Aleixo, M., De Pablo, H., Lopes, C., & Raimundo, J. (2020). Microplastics in wastewater: microfiber emissions from
common household laundry. Environmental Science and Pollution Research, 27, 26643-26649. https://doi.org/10.1007/s11356-020-
08765-6

Gavigan, J., Kefela, T., Macadam-Somer, 1., Suh, S., & Geyer, R. (2020). Synthetic microfiber emissions to land rival those to
waterbodies and are growing. PLoS ONE, 15(9), €0237839. https://doi.org/10.1371/journal.pone.0237839

Gaylarde, C., Baptista-Neto, J. A., & da Fonseca, E. M. (2021). Plastic microfibre pollution: how important is clothes'
laundering? Heliyon, 7(5), https://doi.org/10.1016/j.heliyon.2021.e07105

Gulp. (n.d.). Gulp Microplastic Filters. https://www.gulp.online/

Hale, R. C., Seeley, M. E., La Guardia, M. J., Mai, L., & Zeng, E. Y. (2020). A global perspective on microplastics. Journal of
Geophysical Research: Oceans, 125(1), €2018JC014719. https://doi.org/10.1029/2018JC014719

Hamzah, S., Ying, L. Y., Azmi, A. A. A. R., Razali, N. A., Hairom, N. H. H., Mohamad, N. A., & Harun, M. H. C. (2021).
Synthesis, characterisation and evaluation on the performance of ferrofluid for microplastic removal from synthetic and actual
wastewater. Journal of Environmental Chemical Engineering, 9(5), 105894. https://doi.org/10.1016/j.jece.2021.105894

Hartline, N. L., Bruce, N. J., Karba, S. N., Ruff, E. O., Sonar, S. U., & Holden, P. A. (2016). Microfiber masses recovered from
conventional machine washing of new or aged garments. Environmental science & technology, 50(21), 11532-11538.
https://doi.org/10.1021/acs.est.6b03045

Hazlehurst, A., Tiffin, L., Sumner, M., & Taylor, M. (2023). Quantification of microfibre release from textiles during domestic
laundering. Environmental Science and Pollution Research, 30(15), 43932-43949. https://doi.org/10.1007/s11356-023-25246-8

43



784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814

Hernandez, E., Nowack, B., & Mitrano, D. M. (2017). Polyester textiles as a source of microplastics from households: a
mechanistic study to understand microfiber release during washing. Environmental science & technology, 51(12), 7036-7046.
https://doi.org/10.1021/acs.est. 7601750

Hong, Y., Oh, J., Lee, 1., Fan, C., Pan, S.-Y., Jang, M., Park, Y.-K., & Kim, H. (2021). Total-organic-carbon-based quantitative
estimation of microplastics in sewage. Chemical Engineering Journal, 423, 130182. https://doi.org/10.1016/j.cej.2021.130182

Issac, M. N., & Kandasubramanian, B. (2021). Effect of microplastics in water and aquatic systems. Environmental Science and
Pollution Research, 28, 19544-19562. https://doi.org/10.1007/s11356-021-13184-2

Jia, X., O'Connor, D., Hou, D., Jin, Y., Li, G., Zheng, C., Ok, Y. S., Tsang, D. C., & Luo, J. (2019). Groundwater depletion and
contamination: Spatial distribution of groundwater resources sustainability in China. Science of the Total Environment, 672, 551-562.
https://doi.org/10.1016/j.scitotenv.2019.03.457

Kang, H., Park, S., Lee, B., Ahn, J., & Kim, S. (2021). Impact of Chitosan Pretreatment to Reduce Microfibers Released from
Synthetic Garments during Laundering Water.

Kapp, K. J., & Miller, R. Z. (2020). Electric clothes dryers: An underestimated source of microfiber pollution. PLoS ONE, 15(10),
€0239165. https://doi.org/10.1371/journal.pone.0239165

Kelly, M. R., Lant, N. J., Kurr, M., & Burgess, J. G. (2019). Importance of water-volume on the release of microplastic fibers
from laundry. Environmental science & technology, 53(20), 11735-11744. https://doi.org/10.1021/acs.est.9b03022

Lant, N. J., Hayward, A. S., Peththawadu, M. M., Sheridan, K. J., & Dean, J. R. (2020). Microfiber release from real soiled
consumer laundry and the impact of fabric care products and washing conditions. PLoS ONE, 15(6), €0233332.
https://doi.org/10.1371/journal.pone.0233332

Le, L.-T., Nguyen, K.-Q. N., Nguyen, P.-T., Duong, H. C., Bui, X.-T., Hoang, N. B., & Nghiem, L. D. (2022). Microfibers in
laundry wastewater: Problem and solution. Science of  the Total Environment, 852, 158412.
https://doi.org/10.1016/j.scitotenv.2022.158412

Li, Y, Lu, Q., Xing, Y., Liu, K., Ling, W., Yang, J., Yang, Q., Wu, T., Zhang, J., & Pei, Z. (2023). Review of research on migration,
distribution, biological effects, and analytical methods of microfibers in the environment. Science of the Total Environment, 855, 158922.
https://doi.org/10.1016/j.scitotenv.2022.158922

Lim, S. J., Park, Y.-K., Kim, H., Kwon, J., Moon, H. M., Lee, Y., Watanabe, A., Teramae, N., Ohtani, H., & Kim, Y.-M. (2022).
Selective solvent extraction and quantification of synthetic microfibers in textile laundry wastewater using pyrolysis-gas
chromatography/mass spectrometry. Chemical Engineering Journal, 434, 134653. https://doi.org/10.1016/j.cej.2022.134653

Madhav, S., Ahamad, A., Singh, P., & Mishra, P. K. (2018). A review of textile industry: Wet processing, environmental impacts,
and effluent treatment methods. Environmental Quality Management, 27(3), 31-41. https://doi.org/10.1002/tgem.21538

Martinko, K. (October 13, 2020). Reusable Laundry Filter Captures 90% of Microfibers Treehugger: Sustainability for All.

44



815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847

Masura, J., Baker, J., Foster, G., & Arthur, C. (2015). Laboratory Methods for the Analysis of Microplastics in the Marine
Environment: Recommendations for quantifying synthetic particles in waters and sediments. Report No. NOS-OR&R-48. Silver Spring,
MD: N. M. D. Division.

Mcllwraith, H. K., Lin, J., Erdle, L. M., Mallos, N., Diamond, M. L., & Rochman, C. M. (2019). Capturing microfibers—marketed
technologies reduce microfiber emissions from washing machines. Marine Pollution Bulletin, 139, 40-45.
https://doi.org/10.1016/j.marpolbul.2018.12.012

Meng, X., Bao, T., Hong, L., & Wu, K. (2023). Occurrence characterization and contamination risk evaluation of microplastics
in Hefei’s urban wastewater treatment plant. Water, 15(4), 686. https://doi.org/10.3390/w15040686

Miller, R. Z., Watts, A. J., Winslow, B. O., Galloway, T. S., & Barrows, A. P. (2017). Mountains to the sea: river study of plastic
and non-plastic microfiber pollution in the northeast USA. Marine Pollution Bulletin, 124(1), 245-251.
https://doi.org/10.1016/j.marpolbul.2017.07.028

Mishra, S., Charan Rath, C., & Das, A. P. (2019). Marine microfiber pollution: a review on present status and future challenges.
Marine Pollution Bulletin, 140, 188-197. https://doi.org/10.1016/j.marpolbul.2019.01.039

Mishra, S., Dash, D., & Das, A. P. (2022). Detection, characterization and possible biofragmentation of synthetic microfibers
released from domestic laundering wastewater as an emerging source of marine pollution. Marine Pollution Bulletin, 185, 114254.
https://doi.org/10.1016/j.marpolbul.2022.114254

Murphy, F., Ewins, C., Carbonnier, F., & Quinn, B. (2016). Wastewater treatment works (WwTW) as a source of microplastics
in the aquatic environment. Environmental science & technology, 50(11), 5800-5808. https://doi.org/10.1021/acs.est.5b05416

Napper, L. E., Barrett, A. C., & Thompson, R. C. (2020). The efficiency of devices intended to reduce microfibre release during
clothes washing. Science of the Total Environment, 738, 140412. https://doi.org/10.1016/j.scitotenv.2020.140412

Napper, 1. E., & Thompson, R. C. (2016). Release of synthetic microplastic plastic fibres from domestic washing machines:
Effects of fabric type and washing conditions. Marine Pollution Bulletin, 112(1-2), 39-45.
https://doi.org/10.1016/j.marpolbul.2016.09.025

O'Brien, S., Okoffo, E. D., O'Brien, J. W., Ribeiro, F., Wang, X., Wright, S. L., Samanipour, S., Rauert, C., Toapanta, T. Y. A., &
Albarracin, R. (2020). Airborne emissions of microplastic fibres from domestic laundry dryers. Science of the Total Environment, 747,
141175. https://doi.org/10.1016/j.scitotenv.2020.141175

O’Loughlin, C. (2018). Fashion and microplastic pollution, investigating microplastics from laundry. Ocean Remedy: Ocean
Remedy.

Olivia (2020). How We’re Reducing Microplastic Pollution From Our Washing Machine with a Filtrol 160.

Padervand, M., Lichtfouse, E., Robert, D., & Wang, C. (2020). Removal of microplastics from the environment. A review.
Environmental Chemistry Letters, 18, 807-828. https://doi.org/10.1007/s10311-020-00983-1

Payton, T. G., Beckingham, B. A., & Dustan, P. (2020). Microplastic exposure to zooplankton at tidal fronts in Charleston Harbor,
SC USA. Estuarine, Coastal and Shelf Science, 232, 106510. https://doi.org/10.1016/j.ecss.2019.106510

45



848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880

Petroody, S. S. A., Hashemi, S. H., & van Gestel, C. A. (2020). Factors affecting microplastic retention and emission by a
wastewater  treatment  plant on  the  southern coast of Caspian  Sea.  Chemosphere, 261,  128179.
https://doi.org/10.1016/j.chemosphere.2020.128179

Pirc, U., Vidmar, M., Mozer, A., & Krzan, A. (2016). Emissions of microplastic fibers from microfiber fleece during domestic
washing. Environmental Science and Pollution Research, 23, 22206-22211. https://doi.org/10.1007/s11356-016-7703-0

PlanetCare. (n.d.). PlanetCare Microfiber Filters. https://planetcare.org/

Qian, Y., Cui, P, Zhang, J., Wang, S., Duan, X., & Li, G. (2023). Modified polyamide fibers with low surface friction coefficient
to reduce  microplastics  emission  during  domestic  laundry.  Environmental  Pollution, 335, 122356.
https://doi.org/10.1016/j.envpol.2023.122356

Raja Balasaraswathi, S., & Rathinamoorthy, R. (2022). Effect of fabric properties on microfiber shedding from synthetic textiles.
The Journal of The Textile Institute, 113(5), 789-809. https://doi.org/10.1080/00405000.2021.1906038

Ramasamy, R., & Subramanian, R. B. (2021). Synthetic textile and microfiber pollution: a review on mitigation strategies.
Environmental Science and Pollution Research, 28(31), 41596-41611. https://doi.org/10.1007/s11356-021-14763-z

Ramasamy, R., & Subramanian, R. B. (2023). Microfiber mitigation from synthetic textiles — impact of combined surface
modification and finishing process.  Environmental  Science and  Pollution  Research, 30(17), 49136-49149.
https://doi.org/10.1007/s11356-023-25611-7

Rathinamoorthy, R. (2020). Clothing disposal and sustainability In S. S. Muthu and M. A. Gardetti (eds.) Sustainability in the
Textile and Apparel Industries: Consumerism and Fashion Sustainability, 89-120): Springer, Cham.

Rathinamoorthy, R., & Raja Balasaraswathi, S. (2021). Domestic laundry and microfiber shedding of synthetic textiles.
Microplastic Pollution, 127-155. https://doi.org/10.1371/journal.pone.0250346

Rathinamoorthy, R., & Raja Balasaraswathi, S. (2023a). Characterization of microfibers released from chemically modified
polyester  fabrics — A step towards mitigation. Science of the Total Environment, 866, 161317.
https://doi.org/10.1016/j.scitotenv.2022.161317

Rathinamoorthy, R., & Raja Balasaraswathi, S. (2023b). Impact of quantification method on microfiber assessment — A
comparative analysis between mass and count based methods. Journal of Environmental Management, 347, 119040.
https://doi.org/10.1016/j.jenvman.2023.119040

Rathinamoorthy, R., & Raja Balasaraswathi, S. (2023c). Impact of sewing on microfiber release from polyester fabric during
laundry. Science of the Total Environment, 903, 166247. https://doi.org/10.1016/j.scitotenv.2023.166247

Rathinamoorthy, R., Raja Balasaraswathi, S., Madhubashini, S., Prakalya, A., Rakshana, J. B., & Shathvika, S. (2023).
Investigation on microfiber release from elastane blended fabrics and its environmental significance. Science of the Total Environment,
903, 166553. https://doi.org/10.1016/j.scitotenv.2023.166553

Saliu, T., & Oladoja, N. (2021). Nutrient recovery from wastewater and reuse in agriculture: A review. Environmental Chemistry
Letters, 19(3), 2299-2316. https://doi.org/10.1007/s10311-020-01159-7

46



881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912

Santos, A. F., Almeida, P. V., Alvarenga, P., Gando-Ferreira, L. M., & Quina, M. J. (2021). From wastewater to fertilizer products:
Alternative  paths to  mitigate  phosphorus demand in  European countries. = Chemosphere, 284, 131258.
https://doi.org/10.1016/j.chemosphere.2021.131258

Sillanpdd, M., & Sainio, P. (2017). Release of polyester and cotton fibers from textiles in machine washings. Environmental
Science and Pollution Research, 24, 19313-19321. https://doi.org/10.1007/s11356-017-9621-1

Singh, R. P, Mishra, S., & Das, A. P. (2020). Synthetic microfibers: Pollution toxicity and remediation. Chemosphere, 257,
127199. https://doi.org/10.1016/j.chemosphere.2020.127199

Stanton, T., Stanes, E., Gwinnett, C., Lei, X., Cauilan-Cureg, M., Ramos, M., Sallach, J. B., Harrison, E., Osborne, A., Sanders,
C. H., Baynes, E., Law, A., Johnson, M., Ryves, D. B., Sheridan, K. J., Blackburn, R. S., & McKay, D. (2023). Shedding oft-the-grid:
The role of garment manufacturing and textile care in global microfibre pollution. Journal of Cleaner Production, 428, 139391.
https://doi.org/10.1016/j.jclepro.2023.139391

Sun, J., Dai, X., Wang, Q., Van Loosdrecht, M. C., & Ni, B.-J. (2019). Microplastics in wastewater treatment plants: Detection,
occurrence and removal. Water Research, 152, 21-37. https://doi.org/10.1016/j.watres.2018.12.050

Sundt, P., Schulze, P.-E., & Syversen, F. (2014). Sources of microplastic-pollution to the marine environment.

Tao, D., Zhang, K., Xu, S., Lin, H., Liu, Y., Kang, J., Yim, T., Giesy, J. P., & Leung, K. M. (2022). Microfibers released into the
air  from a  household tumble dryer. Environmental  Science &  Technology  Letters, 9(2), 120-126.
https://doi.org/10.1021/acs.estlett.1c00911

Tripathy, B., Dash, A., & Das, A. P. (2022). Detection of Environmental Microfiber Pollutants through Vibrational Spectroscopic
Techniques: Recent Advances of Environmental Monitoring and Future Prospects. Critical Reviews in Analytical Chemistry, 1-11.
https://doi.org/10.1080/10408347.2022.2144994

Vidal, A., Thompson, R., Canals, M., & Haan, W. (2018). The imprint of microfibers in southern Europe. PLoS ONE, 13(11),
€0207033. https://doi.org/10.1371/journal.pone.0207033

Weinstein, J. E., Crocker, B. K., & Gray, A. D. (2016). From macroplastic to microplastic: Degradation of high-density
polyethylene, polypropylene, and polystyrene in a salt marsh habitat. Environmental Toxicology and Chemistry, 35(7), 1632-1640.
https://doi.org/10.1002/etc.3432

Wright, S. L., Thompson, R. C., & Galloway, T. S. (2013). The physical impacts of microplastics on marine organisms: a review.
Environmental Pollution, 178, 483-492. https://doi.org/10.1016/j.envpol.2013.02.031

Xeros Technology Group. (n.d.). XFiltra (formerly Project Sea Change) - a washing machine filtration system to remove
microparticles, including microplastics, from laundry effluent. https://sdgs.un.org/partnerships/xfiltra-formerly-project-sea-change-
washing-machine-filtration-system-remove

Yang, L., Qiao, F., Lei, K., Li, H., Kang, Y., Cui, S., & An, L. (2019). Microfiber release from different fabrics during washing.
Environmental Pollution, 249, 136-143. https://doi.org/10.1016/j.envpol.2019.03.011

47



913
914
915
916
917
918
919
920
921

922

Yin, L., Jiang, C., Wen, X., Du, C., Zhong, W., Feng, Z., Long, Y., & Ma, Y. (2019). Microplastic pollution in surface water of
urban lakes in Changsha, China. [International Journal of Environmental Research and Public Health, 16(9), 1650.
https://doi.org/10.3390/ijerph16091650

Yuan, W., Liu, X., Wang, W., D1, M., & Wang, J. (2019). Microplastic abundance, distribution and composition in water,
sediments, and wild fish from Poyang Lake, China. Ecotoxicology and Environmental Safety, 170, 180-187.
https://doi.org/10.1016/j.ecoenv.2018.11.126

Zambrano, M. C., Pawlak, J. J., Daystar, J., Ankeny, M., Cheng, J. J., & Venditti, R. A. (2019). Microfibers generated from the
laundering of cotton, rayon and polyester based fabrics and their aquatic biodegradation. Marine Pollution Bulletin, 142, 394-407.
https://doi.org/10.1016/j.marpolbul.2019.02.062

48



