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HIGHLIGHTS

e Microfibres from clothes laundering are the main source of primary microplastics in oceans.
o Fibres are frequently the most common plastics found in aquatic animals.

e The main plastic in polluting microplastics is PET.

e Various toxic substances are incorporated in textile microfibres.

e Fibres contribute up to 90% total plastic mass in wastewater treatment plants.

o A Standard Test is required to allow the development of microfibre release control actions.

ARTICLE INFO ABSTRACT

Keywords: Plastic microfibre pollution produced by domestic and commercial laundering of synthetic textiles has recently
Microplastics been incriminated in the press and the scientific literature as the main source (up to 90%) of primary micro-
I};’E;"Oﬁbres plastics in the oceans. Polyethylene terephthalate (PET) is the most common microfibre encountered. This review

aims to provide updated information on worldwide plastic microfibre pollution caused by textile laundering and
some possibilities for its control. Release of microfibres during domestic washing and tumble drying, their fate in
wastewater treatment plants (WWTPs) and the oceans, and their environmental effects on the aquatic biota are
discussed, as well as potential control methods at the levels of textile modification and laundry procedures.
Environmental effects on aquatic biota are important; as a result of their small size and length-to-diameter ratio,
microfibers are more effectively incorporated by organisms than other plastic particle groups. Simulation laun-
dering studies may be useful in the development of a Standard Test Method and modification of WWTPs may
reduce microfibre release into aquatic systems. However, improvements will be necessary in textile design and
appliance design, and recommendations should be made to consumers about reducing their personal impact on
the environment through their laundering choices, which can include appliances, fabric care products and
washing conditions. Official regulation, such as that introduced recently by the French government, may be
necessary to reduce plastic microfibre release from clothes’ laundering.

Laundry effluent
Waste treatment plants
Ecotoxicity

1. Introduction

Microplastic pollution caused by washing of synthetic textiles has
recently been incriminated in the press (XerosTech, 2020; Vogue, 2020),
as well as in the scientific literature (e.g., De Falco et al., 2019A; Suaria
et al., 2020; Acharya et al., 2021; Liu et al., 2021), as the main source of
primary microplastics in the oceans. Textiles manufactured from plastics
can release microfibres throughout their lifecycle, adding immensely to
the increasingly worrying world microplastics pollution levels. The
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floating plastics in our seas are dominated by microfibres (Green et al.,
2018; Mishra et al., 2019; Xu et al., 2021a), which are defined as fibers
that are 1 pm-5 mm in length, with a length to diameter ratio greater
than 100 (Liu et al., 2019a, b). Such microfibres have a huge surface
area:volume ratio, which increases their adverse environmental effects
considerably (see later in this review, and Gaylarde et al., 2021; Liu et al.,
2021; Rebelein et al., 2021).

Microplastics have been found in 90% of all surface waters world-
wide, with microfibres making up 91% of this (Barrow et al., 2018;
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Napper et al., 2021). This is some orders of magnitude higher than the
densities reported in even highly polluted waters (Ryan et al., 2019).
McEachern et al. (2019), taking samples from Tampa Bay, Florida, USA,
found that 76% of microplastic particles were microfibres in discrete
samples taken with a Van Dorn sampler, but 88% in plankton tow sam-
ples. Hence the wide variation in reported figures is partially explained
by sampling techniques. Heavy rainfall before the sampling also affects
the results, with more microplastic particles normally being recorded at
this time (Lima et al., 2014; Yonkos et al., 2014; McEachern et al., 2019;
Xia et al., 2020).

At greater depths, microfibres have been found to be less abundant
(McEachern et al., 2019); Sanchez-Vidal et al. (2018) analysed seafloor
sediments in Southern European seas and determined that coastal seas
retained 33% of seafloor microfibres, the rest being exported to the open
sea, where they accumulated in sediments, around 20% of them at below
2000m deep. However, almost 80% of the microfibres were
cellulose-based and only 12.9% contained the polyester polyethylene
terephthalate (PET), generally regarded as indicative of textile plastic
microfibres. Sub-surface waters along a latitudinal gradient in the
Atlantic Ocean were found to contain 1.15 microplastic particles m™>,
predominantly microfilaments and mainly polyethylene and polyamide
(Kanhai et al., 2017). Ryan et al. (2019) suggest that microfibres should
be treated as a separate category of pollutants, containing both natural
and synthetic fibres and, in view of the relative difficulty in determining
the exact nature of microfibres (Gong and Xie, 2020; Gaylarde et al.,
2021; Ivar do Sul, 2021; Lu et al., 2021), this is a reasonable suggestion,
although future improvements in analytical techniques (Castelvetro
et al., 2021; Lin et al., 2021; Lu et al., 2021; Monteleone et al., 2021; Liu
et al., 2020; Munno et al., 2020) may make it unnecessary. Synthetic
textile fibres can be very varied and include the plastics polyamide,
polyvinyl chloride, polyurethane/elastane, modacrylic, polyacrylonitrile,
polyethylene terephthalate (PET), and other polyesters. Polyester is said
to dominate the textile market at the moment (Schopel and Stamminger,
2019); in 2015, 62900 kg of polyester fibres were produced throughout
the world. In Finland alone, polyester emissions from household machine
washing have been estimated to be 150,000 kg per year (Sillanpaa and
Sainio, 2017). Palacios-Mateo et al. (2021) wrote that PET is the main
plastic used for polyester-based clothing and Richards (2015) had pre-
viously stated that PET is the predominant plastic worldwide.

The revelation that most microfiber pollution in water was due to
effluent from clothes washing, often via wastewater treatment plants
(WWTPs), was first made by Browne et al. (2011), who collected
microplastics from sediments on beaches throughout the world,
including Australia, Philippines, Portugal, S. America, USA and UK. A
group of independent advisers to the UN (GESAMP Joint Group of Ex-
perts on the Scientific Aspects of Marine Environmental Protection)
consolidated this information in 2015. In 2017, IUCN (the International
Union for Conservation of Nature) considered that laundry effluent
accounted for 35% of all microplastic contamination in the oceans
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(Boucher and Friot, 2017); this was without including textile microfibres
deposited from the air, which can be considerable (De Falco et al., 2020;
Gonzalez-Pleiter et al., 2021; Yang et al., 2019). The actual proportion of
marine microplastics pollution derived from textiles is thus probably
even higher. Airbourne microplastics require considerably more research
(Akanyange et al., 2021; Xu et al., 2020; Zhang et al, 2020); they are, for
example, an important source of plastic microfibres in otherwise unpol-
luted areas such as the French Pyrenees, the Italian Alps and Arctic snow
(Ambrosini et al., 2019; Bergmann et al., 2019). However, little is un-
derstood about the sources of atmospheric microfibers, their transport
and deposition (Dris et al., 2016; Gasperi et al., 2018), although it is
known that fibres may be released into indoor air during mechanical
drying of textiles (Napper and Thompson, 2016; O'Brien et al., 2020).

Relatively little laundry effluent will be liberated directly into the sea,
mainly that in less industrialized countries, where there have been few
measurements. Most effluents will be fed into wastewater treatment
systems and thence into the rivers. Freshwater ecosystems, then, are
particularly at risk, receiving not only domestic wastes, but also indus-
trial wastewater from the fabric-producing factories, before liberating it
into the oceans. Figure 1 shows microfibres taken directly from a do-
mestic washing machine in the UK and some recovered from water in
Guanabara Bay, Brazil.

The recent recognition accorded to the polluting potential of laundry
activities around the world means that several research projects have
been initiated in the last few years, as indicated by the fact that the
number of papers published in 2020 and 2021 that are cited herein
comprise just over half of the total references. This review aims at
gathering the current information on plastic microfibre pollution caused
by textile laundering worldwide, together with potential control
methods.

2. Release of microfibres during washing of textiles

For the purposes of this review, the release of plastic microfibres
during the production of textiles will not be considered, although this is a
significant polluting process (Sivakumar 2014; Chan et al., 2021; Dhir,
2021); the steps involved can be found in Palacios-Mateo et al. (2021).

During use, clothes suffer a variety of onslaughts that result in
“furring”, “felting”, or “pilling” of the exposed surfaces. This is basically
the appearance of fibre ends on the outside of the fabric. The amount,
strength and length of the extruded fibres depends on the type of textile.
Properties such as chemical composition, tightness of the yarn and age of
the fabric influence this process (Zambrano et al., 2019). Okubayashi
et al. (2005) states the steps in the formation of microfibres from washing
of cotton textiles. Adapting these for synthetics, we can list: 1. Formation
of fuzz; 2. Fibrillation (shaking); 3. Pill formation (fibre entanglement); 4.
Pill detachment (see Figure 2). The greater the number of exposed fibres
on the surface, the more will be released into the environment, either
broken or unbroken, during washing (Carney Almroth et al., 2018).

Figure 1. Plastic fibres retrieved from (left) Guanabara Bay, Brazil; (right) the drum of a washing machine in a UK household; the pen tip is around 0.2 mm across.
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Figure 2. The process of microfibre formation and release during washing of textiles.

Fibres may, of course, also be released without washing, simply
during day-to-day wearing of the clothes, and it has been stated that the
quantities released in this way, by rubbing, brushing, etc, are equal to
those produced during laundering (Palacios-Mateo et al., 2021). The
difference is that during the washing processes fibres are released into
both air and water, unlike during dressing, wearing and undressing.
However, as stated above, there has been only a little work done on
release of plastic microfibres into the air; this will be discussed later in
this article.

The release of microfibres into washing water has been studied by a
number of authors (e.g., Ozkan and Glindogdu, 2021; De Falco et al.,
2019; Zambrano et al., 2019; Napper and Thompson, 2016), with varying
results. This is due not only to the use of different types of material, but
also to different methodologies used. Ozkan and Giindogdu (2021), for
example, using the Gyrowash machine, found that recycled PET knitted
fabrics released 4489.93 fibers L’l, or 368094.07 fibers kg’l, while
virgin polyester fabrics released 2034.26 fibers L™, or 167436.58 fibers
kg~L. Both fabric types released fewer fibres with increasing washing
cycles. Although Carney Almroth et al. (2018) used the same washing
machine, their different fabrics produced different results, which were
reported as different units (ﬁbers/m‘z/L'l). The use of different units by
authors reporting microfibre loss does not aid comparisons. Table 1 lists
some of these studies, showing the differences.

In the first report of this phenomenon, that of Browne et al. (2011),
1900 microfibres/wash/garment was the estimated release; later studies
have used more exact measurements, such as mg.kg ™!, microfibres.m-2
(see Table 1). The effects of variables such as type of textile, detergent,
temperature and washing action have been determined, some of them
using special small simulation machines, in which parameters can be
specified and held constant (e.g., Hernandez et al., 2017; Carney Almroth
et al., 2018), whilst others (e.g., Lant et al., 2020; Dalla Fontana et al.,
2020; Galvao et al., 2020; Karkkainen and Sillanpaa 2021) have
employed domestic washers of various types. Such studies can give useful
insights into the effects of changes in laundry procedures and could be
useful in the development of a standard test method.

Most published studies have employed commercial washing ma-
chines. The majority of microfibers are released into the washing water
during the first 15 min, with older fabrics releasing more (Hernandez
et al., 2017; Hartline et al., 2016). After the first wash, fibre release de-
creases until it reaches a plateau (De Falco et al., 2019; Kelly et al., 2019;
Napper and Thompson, 2016). Apparently, the recently developed North
American high-efficiency top-loaders produce considerably less micro-
fibers than the old-fashioned type (Lant et al., 2020); it has been shown
that the volume of water in relation to the quantity of textiles influences
the amount of microfibre release (Kelly et al., 2019) and the lower
amounts of water used in high-efficiency models could be the reason for
reduced fibre production. In the study of Lant et al. (2020), the lower
water to fabric ratio accompanied a 69.7% reduction in fibre release for
polyester fleece (n = 32, p = 7.9 x 10-6) and 37.4% reduction for
polyester T-shirt (n = 32, p = 0.0032).

Of course, it is not only the fabric:water ratio that influences micro-
fibre release. Washing at higher temperatures also increases the output of
microfibres (Yang et al., 2019; Cotton et al., 2020). These authors also
found that adding detergent to the wash increased microfibre numbers,
and this has been confirmed by some, but not all, other authors. O'Brien
et al. (2020) stated that the presence of detergent increased microfibre
release, but detergent composition and amount had little effect, a result
that was echoed by Lant et al. (2020). The overall length of the released
fibres was not affected by detergent according to O'Brien et al. (2020);
Cesa et al. (2020) however, determined that detergent actually reduced
the release of microfibres from synthetic garments during machine
washing. The different results could depend, at least partially, on
whether liquid or powder detergents were used (Xu et al., 2021a).

The many factors that can influence release of microfibres during
laundering processes obviously lead to great variations in their envi-
ronmental concentrations around the world and with season, a fact that
has been reported by Stanton et al. (2019). This has led to suggestions
that microfibres should be monitored regularly in environments of in-
terest to gain a clearer picture of the extent of and changes in the problem
(Palacios-Mateo et al., 2021; Henry et al., 2019).

Table 1. Some studies on microfibre release during laundering.

Material(s) Washing/drying method

Variables tested

Fibre release Reference

Polyester (PE) Domestic washing machine

PE, PE-cotton blend, acrylic Domestic washing machine

PE fleece, nylon shell Domestic washing machine

Fully synthetic Domestic washing machine Machine type, new or aged clothes
PET fleece Domestic washing machine and Detergent and softener
tumble dryer
Acetate Domestic washing machines Machine type, detergent
PE Laboratory machine (Launder- Temperature, detergent
Ometer)
PE fleece Domestic washing machine Detergent
PE, PE fleece Laboratory machine (Gyrowash) Knit gauge, detergent

Textile characteristics

Temperature and laundry aids

Type and quantity of detergent,
addition of surfactant

124-308 mg kg~ (640 000-1500 De Falco et al. (2019a)

000 fibres)

0.27-0.46 mg kg’l (app. 80 000 Napper and Thompson (2016)
fibres)

25 and 100 mg kg~ fibers (+and - O'Brien et al., 2020
surfactant)

0.3% of mass per wash (3300 mg Hartline et al. (2016)
kg™

12 mg kg~ (11 300 fibres) in
wash cycles; approx 40 000 fibres
in drying

74,816 + 10,656 microfibers/m?
per wash (max.)

0.1-1 mg/g

Pirc et al. (2016)

Yang et al. (2019)
Zambrano et al. (2019)

Cycle 1: 70 Cycle 4: 40

Cycle 8: 25 mg kg~!

PE fleece: 7360 fibers/m~2/L"
PE fabric: 87 fibers/m%/L

Lant et al. (2020)

Carney Almroth et al., 2018
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3. Release of microfibres during tumble drying of textiles

In industrialized countries, the process of laundering clothes often
involves the use of a tumble dryer, which may be integral or separate
from the washing machine. During this drying process, any fibres that
have been broken and moved to the fabric surface during washing will be
liberated into the air or into the condensate and thence pass to waste-
water systems. The use of automatic electric dryers is particularly prev-
alent in North America, where over 80% of households use this method
(Kapp and Miller, 2020).

O'Brien et al. (2020) repeatedly washed and dried a blue polyester
(PE) fleece blanket using the ‘Normal Dry’ program of a domestic dryer
(56-59 °C for 20 min). Their well-controlled study showed that blue PE
fibres in the surrounding air were increased on average from 7.6 to 56 per
cubic metre of air, a highly significant increase in spite of the high
standard deviations. These results were confirmed using greater numbers
of garments by Karkkdinen and Sillanpaa (2021), who showed, addi-
tionally, that fibre emission decreased with increasing tumble drying
cycles They found that PE fleeces released the most and, on average, the
longest fibres, while PE or polyamide sports shirts released the least.

Apart from the influence of chemical and textural differences between
the different types of fabric on microfibre release, adsorption or ab-
sorption of contaminants by the microfibres also varies (Turner, 2019).
This obviously has an influence on the final ecological impact of the
released microfibres; this is discussed in the later section on environ-
mental effects of microfibres.

4. Wastewater systems

In industrialised countries, the microfibres released into machine
effluents will eventually be transferred to wastewater treatment plants
(WWTPs) that treat collected solid and liquid wastes, including micro-
plastic fibers and microbeads. Modern WWTPs have been designed to
retain up to 99% of the solid particles, concentrating them in activated
sludge (Freeman et al., 2020; Koelmans et al., 2019). Even so, retained
particles in sludge can enter the aquatic ecosystem via surface carriage
(Corradini et al., 2019). It is not within the remit of this review to discuss
the many different processes involved in the treatment of wastewaters
around the world, or, equally, the ways in which wastes are transferred
into the treatment plants. Certainly, however, WWTP effluents represent
a critical path for microplastics to enter aquatic ecosystems (Magni et al.,
2019; Iyare et al., 2020) and so their inclusion in this review is necessary.

Iyare et al. (2020), in a review of removal of microplastics from
WWTPs, stated that average removal rates over 21 studies were 72%
during preliminary and primary treatment steps, while secondary and
tertiary WWTPs raised this figure to 88% and 94%, respectively. How-
ever, the majority of the studies focussed on plastic microbeads, and not
fibres. Tian et al. (2021) indicated the importance of microfibres when
they found that the PET microfibre mass in laundry wastewater
contributed 50% to the total PET mass in WWTP influent, and fibres have
been found to comprise over 50%, and up to 90%, of the total plastics by
other authors (Prajapati et al., 2021; Magnusson and Norén, 2014;
Mahon et al., 2017; Corradini et al., 2019).

De Falco et al. (2019a), using a household washing machine, found
that the majority of the released microfibres was retained by the 60 pm
pore-size machine filters; they had an average length of 360-660 pm and
diameter of 12-16 pm. This size range would readily pass through the
WWTP systems. Such microfibres have been shown to be the most
abundant microplastics in the influent wastewater in WWTPs (Xu et al.,
2019; Leslie et al., 2017), but their concentrations are, as stated above,
reduced during the primary and secondary stages of waste treatment,
after which they will become incorporated into the solid fraction that
may be sent to landfill, incinerated, or spread on the land as fertilizer
(Eerkes-Medrano et al., 2015). WWTPs were not, of course, originally
designed to capture microplastics (Ben-David et al., 2021), and a certain
amount will pass into the effluent. The average microplastics (MP)
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concentrations in wastewater and sludge released into the Persian Gulf
were 70.66 (+£14.12, SD) MP.35 L™} and 6070 (+807.25) MP.kg™ %,
respectively. These consisted predominantly of PE and polypropylene
(Naji et al., 2021). In other studies, 93.3% of the MP particles in effluent
were found to be smaller than 300 pm (Mintenig et al., 2020) and Fortin
et al. (2019), using Raman microspectroscopic analysis, found that the
majority were 1-10 pm. Many studies report that microfibres are the
main MP components in effluents (Mintenig et al., 2020; Talvitie et al.,
2017a; Lares et al., 2018) and these are mostly polyethylene, especially
PET (Mintenig et al., 2020; Wolff et al., 2018; Lares et al., 2018; Zia-
jahromi et al., 2017a; Talvitie et al., 2017a). The presence of even small
quantities of microfibers in WWTP effluent means that a significant
amount is discharged into the receiving waters, because of the large
volumes of effluent discharged every day (Talvitie et al., 2017b). Even
highly efficient WWTPs that approach 98% MP removal will still allow
daily discharge of considerable MPs in treated sewage effluents (Conley
et al., 2019; Hidayaturrahman and Lee, 2019). Such a high removal ca-
pacity is not the norm, however; Liu et al. (2019a, b) found only 64.4%
removal in a WWTP in China. Interestingly, although they identified the
major sources of MP as clothes’ washing and the polymer production
industries, the main type of plastic identified in the wastewater by these
authors was polyamide.

Assuming a retention efficiency of 98.4% solids, a WWTP receiving
influent from a population of only 100,000 inhabitants would dis-
charge ~1 kg of microfibers into the environment every day (Hartline
et al., 2016). Indeed, microfibers have been isolated from tap water all
over the world, one global study measuring an average concentration of
4.34 particles/L and a maximum of 54 particles/L in 150 samples (Kosuth
etal., 2017). The waste sludge itself may accumulate up to 98% of the MP
(Gies et al., 2018), most of which is present as microfibres (Petroody
etal., 2021), and this may be used as fertilizer if not incinerated or sent to
landfill (Koyuncuoglu and Erden, 2021; Edo et al., 2020), thus leading to
potential contamination of agricultural land. Indeed, high levels of MP
have been detected in land surrounding some WWTPs (e.g. Browne et al.,
2011; Estahbanati and Fahrenfeld, 2016). It should certainly be an aim of
WWTP managers to reduce their MP output.

Finally, Xu et al. (2021b) warn that the processes used in WWTPs
could actually generate micro- and nano-plastics. Microbial enzymes may
promote the hydrolysis of carrier materials, allowing MP to be released;
secondary MP or nanoplastics may be produced during wastewater
pumping, disinfection and thermal treatment of sludge, while processes
such as thermal drying of sludge and lime stabilization have been found
to lead to fragmentation of MPs. Considerably more testing and control is
required on the microfibre situation in WWTPs.

5. Simulation studies

There is no standard method for measuring microfibre release during
laundering, and this could explain the many different results found in the
literature, some of which can be seen in Table 1. Both ASTM and ISO have
published standards for pilling or linting in the dry state (ASTM pilling
resistance tests D3511, D5512 and D4970; ISO 9073-10:2003 for lint and
other particles generation in the dry state from non-woven fabrics) and
these could be used as a basis, together, with ISO 12138:2017, which
specifies domestic laundering procedures for fabrics prior to flamma-
bility testing, to add the details of the actual laundering process. Jonsson
etal. (2018) developed a potential standard test consisting of six steps, all
carefully specified: (1) Pre-Cleaning, (2) Cutting, (3) Welding, (4)
Washing, using the GyroWash machine (5) Rinsing, (6) Analysis of
filtered material by microscopy coupled to analytical software. Important
points for a standard test, pointed out by Jonsson et al. (2018), are as
follows: a) vacuum cleaning of the surfaces prior to test to ensure that
superficial dust and already loose fibres are removed, b) cutting the
sample by laser to ensure that there is no loss of fibres from the cut edges,
c) the use of steel balls inside the bag, which aligns the test with the
industry standard for testing colour fastness. Strict cleanliness in the
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environs of the test is also essential, in view of the omnipresence of
microplastic fibres in today's environment (Hung et al., 2021; Brander
et al., 2020).

The flammability test, ISO 12138:2017, specifies the type of domestic
washing machine that should be used, but does not suggest the use of
small laboratory models that were employed by Jonsson et al. (2018) and
some other researchers. As suggested previously, it is unlikely that such
small laboratory machines will produce results similar to those from the
larger domestic or commercial models. Indeed, Lant et al. (2020) suggest
that their results and those of Pirc et al. (2016) differ from those of
Hernandez et al. (2017) and Carney Almroth et al. (2018) because of the
use, by the latter two groups, of these small-scale simulation devices
(Washtec P and GyroWash, respectively). The physical action of agita-
tion, especially, differs between the machines and this must affect the
fibrillation and breaking processes, with resulting differences in free
microfibre production.

Cai et al. (2020a) used a modified ISO standard (105-C061:2010 with
a modified washing solution), to investigate the differences between
microplastic fibre release from 12 different textile samples that were
prepared by cutting and sewing in different ways. They found that
samples prepared by cutting with scissors released more fibres than those
which were laser-cut and that fleece samples released more fibres than
textiles with unprocessed surfaces. Their results fitted within the limits of
those reported by some other workers who used either simulation ma-
chines or domestic washers. The same relative results were obtained
using a specially developed, very small scale, laboratory sonication
method for washing (Cai et al., 2020b). This suggests that, in some cases,
the small scale simulation machines (which are utilized in a number of
Standard Methods) can be appropriate. They have, at least, the envi-
ronmental advantages of minimal use of materials and water. It is clear
that the production of reliable, reproducible and quantitative test
methods is extremely important for development of policies for studies
on the impact of textiles on the environment (Rist et al., 2018).

6. Fate and environmental effects of microfibres from textiles

Environmental effects of microplastics from textiles are no different
from those of other plastic microfibres, apart from the fact that their
additives are relatively specific to their function. During manufacture,
the fibres may incorporate or be coated with a variety of potentially
harmful compounds, which are normally not removed during the laundry
processes. These additives have the functions of protecting the fabric
from environmental onslaughts such as microbial attack, or adding
required properties to the finished article. Among the latter, we may cite
softening agents, dyes, anti-wrinkle substances and water repellents. The
latter may be toxic fluorinated compounds, which have been shown to
resist washing and to remain on the released microfibres (Schellenberger
et al., 2019). Pigments are incorporated into plastics to give the required
colour. These may contain various toxic substances, such as heavy metals
and azo, phthalocyanine and anthraquinone chromophores (Ismail et al.,
2019). Plasticizers themselves can also be dangerous to aquatic life when
leached from the material. For a general review of the ecotoxic effects of
plastic additives, the reader is directed to the review of Campanale et al.
(2020).

As well as toxic chemicals included in their formulation, microfibres
may also carry adsorbed toxins on their surfaces. MPs have been shown
to carry a wide variety of toxic metals and organic pollutants, such as
PAHs, DDT, PCBs, and dioxins (Gaylarde et al., 2021, and references
therein; Wang et al., 2018), hence increasing their danger to aquatic
biota. The Earth's oceans are the final sink destination for microplastics
that may have passed through various environmental departments (air,
WWTPs, rivers, etc.) and marine organisms are constantly at risk from
their toxic effects.

Synthetic microfibres have been shown to be ingested by many
aquatic species, including zooplankton, polychaetes, bivalves and crus-
taceans (Alnajar et al., 2021; Chinfak et al., 2021; Mateos-Cardenas et al.,
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2021; Bour et al., 2020; Avio et al., 2020; Jemec et al., 2016), deep-sea
organisms (Pereira et al., 2020; Taylor et al., 2016; Murray and Cowie,
2011), marine, freshwater and farmed fish (Savoca et al., 2021; Avio
et al.,, 2020; Halstead et al., 2018; Horton et al., 2018) and birds
(Bourdages et al., 2021; Hamilton et al., 2021; Coughlan et al., 2020).
Exposure to microfibers can affect growth, reproduction and survival of
water fleas and amphipods (Ziajahromi et al., 2017b).

Microfibres are frequently the most common form of ingested MP
detected in marine fish and invertebrates (Courtene-Jones et al., 2017;
Taylor et al., 2016) and, as a result of their small size and
length-to-diameter ratio, they are more effectively incorporated by or-
ganisms than are other plastic particle groups (Dris et al., 2018). Such MP
are found throughout the world, in mountainous regions (Allen et al.,
2019; Ambrosini et al., 2019) and rivers (Chinfak et al., 2021; Mani et al.,
2015), in the deep oceans (Loughlin et al., 2021; Sanchez-Vidal et al.,
2018; Courtene-Jones et al., 2017), in sediment samples from shorelines
across a range of global locations (Adams et al., 2021; Browne et al.,
2011), and in coastal waters (Kashiwabara et al., 2021; Green et al.,
2018). They have been reported in the USA (Kashiwabara et al., 2021;
Said and Heard, 2020), in Europe (Fischer et al., 2016; Leslie et al.,
2017), in Asia (Jiang et al., 2019; Naji et al., 2021) and in the Arctic
(Bergmann et al., 2019; Gonzalez-Pleiter et al., 2020). Since they are so
prevalent on our planet, it is not surprising that they have been detected
in many organisms (Rebelein et al., 2021; Guzzetti et al., 2018; Egbeocha
et al., 2018), including humans, in whom it is estimated that over 50% of
human annual consumption of plastics is as microfibres (Cox et al.,
2019). The actual consumption of microplastics by humankind is not
known, but it has been estimated as 0.5-1 g/week (Senathirajah et al.,
2021). Microfibres have been found in agricultural food crops (Oliveri
Conti et al., 2020) and in mussels from the Belgian and Dutch coasts
(Leslie et al., 2017; De Witte et al., 2014). The impact of MP on human
health has recently been emphasized by Vijayaraman et al. (2020).
Ingestion of microplastics has also been recorded in many crustaceans,
seabirds, sea snakes, sea turtles, penguins, seals, sea lions, manatees, sea
otters, fish, and half of all marine mammals (Taylor et al., 2016, and
references therein), Ingested microfibres can lead to various toxic effects
in aquatic animals. Zhao et al. (2021) exposed zebrafish (both adults and
larvae) to MP fibres of different lengths and showed that both 50 (+£26)
pm and 200 (+90) pm long fibres adversely affected both life stages of
the fish. They caused length-dependent histopathological changes and
biomarker responses in the intestines, with long fibers inducing more
serious effects. Food intake was decreased by 54 %-67 % more than with
short fibers. The authors also used the new investigative technique of
metabolomics and found that 124 and 123 metabolites were significantly
changed by short and long fibers, respectively. MP fibers were shown to
up-regulate glycerophospholipid metabolism, exacerbating oxidative
damage and inflammation, and to down-regulate fatty acyl metabolism,
inducing nutritional deficiency.

McCormick et al. (2020) showed by controlled experiments that
damselfish that had been fed MP as part of the standard diet developed
more risky behaviour; they suggested that this was caused by the need for
more food forays because their stomachs were partially filled with the
undigested plastics. This can obviously be a harmful effect in any animal
that ingests microfibres.

Bour et al. (2020) compared the toxic effects of high concentrations of
polyester microfibres (500 pm long) and polyethylene microbeads
(27-32 pm) in brine shrimp (Artemia sp.) and fish (Gasterosteus aculeatus),
invertebrate and vertebrate aquatic species, respectively. The shrimp
ingested high amounts of microbeads, but not microfibres, when no other
food was available. Ingestion of MP by fish was relatively unimportant,
but they were found to accumulate in the gills, when added to the
freshwater or seawater. Damaged gill epithelium has also been observed
in Japanese medaka exposed long-term to microfibers (Hu et al., 2020).
The sea anemone, Aiptasia pallida, has been shown to ingest microfibres
of various polymer types, especially when offered with a food source of
brine shrimp homogenate (Romané de Orte et al., 2019). The authors
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considered that the shrimp was acting as a chemical source of prey,
stimulating ingestion. In spite of the results of Bour et al. (2020), which
suggested that microbeads might be more damaging than microfibres,
more studies suggest that microfibres have a negative impact on organ-
isms than those that show little impact (Kapp and Miller, 2020, and
references therein; Bucci et al., 2019). Examples in which plastic
microfibres have been shown to have greater impact than microbeads
include studies on the amphipod Hyalella azteca (Au et al., 2015) and the
waterflea Ceriodaphnia dubia (Ziajahromi et al., 2017b).

7. Degradation of microfibres in the aqueous environment

It is an accepted fact that plastics are very slowly degraded, especially
by the biological components of the natural environment (Ali et al.,
2021). One of the major problems with microplastics pollution of aquatic
systems is the prolonged time periods for which it persists. Despite all the
available information in the literature about these contaminants, few
studies assess the degradation process of textile fibres in aquatic envi-
ronments (Zambrano et al., 2019). Well-controlled aquatic biodegrada-
tion experiments have shown that cotton and rayon microfibres should
degrade in natural aquatic aerobic environments whereas polyester
microfibres will persist for long periods of time (Palacios-Mateo et al.,
2021). Degradation of plastics in the environment is influenced by both
intrinsic properties such as polymer type, density, molecular size, any
added chemicals, as well as by extrinsic parameters such as agitation, UV
exposure and, potentially, biological activity.

7.1. Non-biological degradation

Plastic particles or fibres are subjected to several abiotic degradative
reactions in aquatic ecosystems, including photodegradation (UV cata-
lysed oxidation), hydrolysis and mechanical degradation (Gewert et al.,
2018; Zambrano et al, 2019, 2020). Although available data concerning
the environmental degradation of plastic microfibres is scarce, it is ex-
pected that the degradation dynamics of these pollutants is analogous to
other plastic particles. Thus solar energy causes discoloration and surface
cracking (Da Costa et al., 2018; Gewert et al., 2018), resulting in polymer
surface increase and subsequent fragmentation by additional mechanical
forces (e.g. water currents, waves, etc). Sait et al. (2021) investigated the
photodegradation of microfibres composed of PET, polyamide (PA) and
polyacrylonitrile (PAN). They were exposed to UV for 10 months in
freshwater and seawater. PET and PA fibres became fragmented and
showed surface changes, while PA also showed chemical changes. PAN
showed no significant photodegradation. UltraHPLC identified bisphenol
A, bisphenol S and benzophenone-3 in all samples at concentrations
between 4.3 and 501 ng/g. In a less extensive study, Sgrensen et al.
(2021) showed that 56 days of artificial sunlight exposure in seawater led
to surface changes in PA, but little fragmentation, while PET showed both
changes in surface morphology and fragmentation. Other groups have
shown that PE is rather resistant to UV degradation (Da Costa et al., 2018;
Lin et al., 2020).

7.2. Biodegradation

Although MP particles in the marine environment have been shown to
carry their own, rather specific, biofilm (called the “plastisphere” by
Zettler et al., 2013), it is doubtful whether these microorganisms could be
involved in degradation of the plastic material. Bryant et al. (2016) noted
that the plastisphere contains a core of microbial clades that are func-
tionally different from those in the water column around them. They
considered that the plastisphere microorganisms were utilizing adsorbed
pollutants or carbon sources produced by marine eukaryotes, rather than
the plastic itself.

Zhao et al. (2021) discuss the possibilities for biodegradation of MP,
the challenges and potential of various developments. Gong et al. (2018)
produced an engineered and alkali-tolerant strain of Comamonas
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testosterone F4, denoted F6, that was able to degrade PET. The average
PET particle size was reduced from 7.3 to 1.58 and 2.63 pm after up to
50h of incubation. The marine fungus, Zalerion maritimum, has been
shown to participate in degradation of PE (Paco et al., 2017), as have
other fungi (Sanchez, 2020). However, there is still no well documented
report of rapid plastics biodegradation by environmental microorgan-
isms. Kumar et al. (2020) consider that enhancing biodegradation of MP
in the environment will be an important part of their control. However, it
is probably easier to reduce the release of microplastic fibres from
laundering activities than to augment their biodegradation.

8. Potential methods for controlling microfibre production and
release

Proposed methods for the reduction of microfibre release from
laundry activities fall into 3 camps, changes to washing machines or
washing procedures, changes in the textiles themselves and improvement
of wastewater treatment processes.

8.1. Modification of washing machines

The initial choice of washing machine can influence microfibre
release, with front-loading machines generating fewer microfibres than
top loaders (Henry et al., 2019). Addition of filters to washing machines
has been proposed to mitigate the issue; the Lint LUV-R system that fits
onto the machine outlet shows higher efficiency than the in-drum
fibre-trapping ‘Cora ball’ device (Mcllwraith et al., 2019). However,
such domestic user additions can never be a satisfactory solution. Modern
washing machines need to be fitted at the factory with suitable filters to
avoid microfibre release to the waste pipe. Browne et al. (2020)
compared the ability of various pore sized filters to reduce microfibre
release. Micrometer-sized filters did effectively reduce released PE fibre
mass by over 65%, but filtered effluent still contained up to one third of
the original fibre mass.

The results of Lant et al. (2020), who measured microfibre release
under both European and North American laundry conditions, suggest
that high water to fabric ratio increases microfibre loss, thus encouraging
the current environmental aims of reducing water usage. This provides
an additional reason why the appliance industry should continue to
develop approaches to reduce water consumption during laundering.

8.2. Modification of washing procedures

The increase of public preoccupation with microfibre release during
clothes washing has led to the development of devices that can be
inserted into washing machines by their users to trap and retain the fibres
released during laundering. The Guppyfriend, for example, is a fine mesh
bag in which clothes can be placed for washing, while the Cora Ball traps
the fibres that are released during washing. Karkkainen and Sillanpaa
(2021) found that these two devices reduced microfibres in the outlet of
the washing machines by only 39% and 10%, respectively, while Napper
et al. (2020) measured a 54% reduction with the Guppyfriend bag. The
latter authors concluded that the most effective device was the XFiltra,
which, when fitted to the effluent water, reduced fibre release by 78%.
Using fleece blankets as the test textile, however, Mcllwraith et al. (2019)
achieved a capture of 87% of the total number of microfibres using the
Lint LUV-R, compared to 26% with the Cora Ball. Obviously, the effi-
ciency of these devices depends on the types of fabrics being washed and
the actual conditions and mechanics of the washing process.

8.3. Modification of textiles

Avoiding loose knits and fleeces can reduce microfibre release during
laundering (Carney Almroth et al., 2018); other textile characteristics
that affect fibre release are the origin and type of polymer, fabric con-
struction (yarn length, width and twist), and the finishing and cutting of
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the fabric. Water repellent and high abrasion resistant finishes reduce
microfibre shedding (Zambrano et al., 2021a), as does the extra
cross-linking that accompanies the durable-press finish, the latter, how-
ever, also reducing biodegradability (Zambrano et al., 2021b). The
Textile Industry is concerned to improve their environmental footprint
and there is research into new finishing treatments to reduce microfibre
release. These include the electrofluidodynamic (EFD) method (De Falco
et al., 2019b), in which homogeneous coatings are produced on poly-
amide fabrics, and finishes based on glycidyl methacrylate-modified
pectin (De Falco et al., 2018). The dip-coating of a polyester fabric pro-
duced a textile that resisted 200 washing cycles, as well as treatment with
1M acid or alkali (Tian et al., 2020). Although developed specifically as a
scald-prevention fabric, it could offer insights into new
low-microfibre-release textile developments.

8.4. Improvement of WWTP technology

Removal of microfibres at wastewater treatment plants is being
considered, although this is challenging as the microfibres would need to
be eliminated from both effluent and sludge to prevent release into the
environment (Talvitie et al., 2017a, b; Michielssen et al., 2016). The
removal process of microfibres mainly occurs in the initial phase of
sedimentation in a typical WWTP, where multiple treatment steps based
on physicochemical and biological treatments are used (Xu et al., 2019).
Some tertiary treatments may be used to further clean the aqueous
effluent. Membrane reactors, sand filters, disc filters and biofilters have
been shown as effective approaches (Gatidou et al., 2019; Simon et al.,
2019; Liu et al., 2020), although these methods are not completely effi-
cient, since small sized particles can still be released into the receiving
environment. Studies suggest that advanced technologies can improve
the removal of MP from treatment systems (Carr et al., 2016; Talvitie
et al.,, 2017b; Ziajahromi et al., 2017; Lares et al., 2018). Both the
treatment process and the physicochemical properties of the polymer
influence removal efficiency (Bond et al., 2018) and it is the MP in the
smaller size range, which are difficult for the wastewater treatment
plants to capture, that are of the greatest concern for the environment
(Zambrano et al., 2019; De Falco et al., 2019a; Hou et al., 2020). Lares
et al. (2018), for example, found that most MP were removed before the
activated sludge process; the overall retention capacity was 98.3%, and
this could be improved by incorporating a pilot-scale membrane biore-
actor. Membrane bioreactors have been found to increase the efficiency
of MP removal from wastewater. In a study of a full-scale WWTP in E.
China, Lv et al. (2019) found that the membrane bioreactor removed
99.5% of the MP mass, compared to 97% in the oxidation ditch system.
The plastics still, however, accumulated in the sludge. They suggested
that the best way to reduce WWTP effluents was to control the source,
especially eliminating fibres from laundry facilities. Indeed, this would
appear to be the optimum answer, requiring concentrated research in the
areas of non-fibre-release fabrics and improved air and water filters in
laundry facilities.

9. Recent initiatives by official bodies

An important decision of the French government is the recently
approved law aimed at reducing the release of microplastics from all
washing machines by 2025 (“Loi no 2020-105 du 10 février 2020 relative
a la lutte contre le gaspillage et a 'économie circulaire”, available at
www.legifrance.gouv.fr). Doubtless such an initiative will be copied by
other countries. The choice of policy implements to reduce microplastics
release that could be put in place by the Finnish government is discussed
by Virta and Raisanen (2021). At the waste treatment level, which is
sometimes administered by local government, the use of tertiary granular
sand filtration and membrane filtration in WWTPs will assist removal of
MP filaments (Michielssen et al., 2016).

Appropriate standard testing methods will be needed if further im-
provements are to be made in textile design, appliance design, or
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recommendations to consumers about reducing their personal impact on
the environment through their laundering choices. e.g. fabric care
products and washing conditions. Bodies such as ASTM and ISO should
be developing such tests. Current reproducible results suggest that liquid
detergents and fabric softeners can continue to be used without negative
effects and that washing in colder water with shorter cycles will allow a
reduction in domestic microfibre production. The new High-Efficiency
washing machines, with reduced water use, may also assist (Kelly
et al., 2019).

Collaboration with the textile industry will be essential in this task.
Yan et al. (2020) interviewed 10 experts from the textile industry and
found that microfibre pollution does not have a clear-cut definition. They
concluded that the problem and challenges need to be identified by
multiple and integrated stakeholders, overseeing the entire product life
cycle. Such collaboration, together with government directives such as
that put in place by the French, will help to reduce a great part of the
plastics pollution on the planet.
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