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Abstract: More than a third of microplastics in surface waters are formed by microplastics released
from textile products containing textile fibers (fibrous microplastics). A large amount of fibrous
microplastics enters the environment during textile production and the first few washing cycles.
Mechanical, thermal, chemical, and biological damage to textiles causes the generation of fibrous
microplastics. Textile manufacturers, dyers and finishers, garment producers, distributors, or con-
sumers contribute to this process. During the construction of textiles, multiple issues need to be
addressed simultaneously. They are related to the optimization of technological processes and the
construction and functionalization of fiber structures, considering ecological requirements, including
suppressing the formation of fibrous microplastics. This research is focused on the specification of
reasons for the generation of fibrous microplastics during textile production. The influence of the
structure of fibers, abrasive deformations, and surface structure of fabrics on the generation of fibrous
microplastics is discussed. The release of fibrous microplastics during washing is mentioned as well.
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1. Introduction

Fibrous microplastics are one of the main sources of deterioration in the environ-
ment on our planet. So-called primary fibrous microplastics are small fibrous particles
(<5 mm in size) that include the fiber fragments released during the textile’s preparation
and maintenance (washing and drying processes). This kind of fibrous microplastic is
obviously more dangerous because it is stronger than partially depolymerized secondary
fibrous microplastics. Secondary fibrous microplastics are polymeric particles released
into environments due to the natural, time-dependent degradation/weathering of larger
fibrous objects (e.g., fibrils extracted from fibers) [1,2]. Degradation is characterized by
the shortening of polymeric chains and the loss of mechanical properties or integrity of
fibrous microplastics.

The human digestive tract partially excretes microplastics, but some accumulate in
the body, including in animals. They are often part of the food chain and consumed by
humans. Due to their chemical-physical properties (i.e., their size and chemical com-
position), microplastics penetrate cells and tissues and accumulate in the human body
(lungs, gastrointestinal tract, blood, and lymphatic vessels) [3-5]. Microplastics also cause
technological problems in industrial plants, where, for example, valves become clogged
in circuits with large water flows, such as power plants and heating plants. In equip-
ment that uses technical water, e.g., for cooling, microplastics are deposited resulting in
their malfunctions.

Conventional microplastics (not fibrous, mainly) are primarily made from partially
degraded polyolefins, which, due to their low-density, float on water. To leads to their easy
detection and simple methods of capturing them [6].
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One of the largest sources of primary and secondary microplastics is partially damaged
or degraded fibrous textile products. These fibrous microplastics commonly also contain
chemicals used in the dyeing and chemical finishing of textiles [7]. They are usually
composed of higher-density polymers, making these parts difficult to spread. Due to the
more varied chemical composition and higher toxicity, a complicated elimination from the
environment can be expected. Thus, fibrous microplastics have an extremely high degree
of danger, occur in the air and water, including drinking water, and immediately threaten
the entire human population. The amount of microplastics consumed by drinking and
eating is estimated at 250 g/person/year. However, microplastics further break down into
nanoplastics and are already able to penetrate the cell membranes of animals [8].

Synthetic fibers release particles, broken fibers, and fragments. Microparticles from
fibers based on natural polymers are referred to as “fibrous microplastics”. The reason
for this extension of the term microplastics is the exact mechanism of origin, similar tox-
icity, and environmental behavior. When textile microplastics are carried by air, they
usually accumulate in household and office dust and support the development of allergies,
asthma, and many respiratory problems. When released during washing, textile microplas-
tics accumulate in rivers, lakes, dams, seas, wastewater treatment plants, and drinking
water [9,10]. Almost a third of microplastics are released during the washing of garments.

Fiber microplastics are potentially more dangerous than other types of microplastics
for the following reasons:

e They are often fiber fragments and are usually needle-shaped. The reason is the
internal fibrillar structure of the fibers and the geometric shape of the textile fibers,
which are long and thin (the typical length /diameter ratio is 103). The consequence
of the needle shape can be easier mechanical damage to tissues and cells, mechanical
disruption of cell walls, etc.

e  Compared to other polymers, textile fibers are usually contaminated with non-polymeric,
potentially toxic compounds, which can be textile dyes, finishing agents, TiO;-based
matting particles, and, more recently, metal and metal oxide particles.

e  Fiber microplastics are a consequence of the everyday use and maintenance of textiles,
so their adverse cumulative effects are not considered as serious.

This review is focused on primary fibrous microplastics generated during the fabrica-
tion and maintenance of textile products.

2. Production of Fibrous Microplastics

The amount of fibrous microplastics is related to textile products and their fibrous
structures used for clothing purposes (consumption of clothing textiles is related to the size
of the human population). The total volume of microplastic generation is related to the
consumption of fibrous structures.

During the construction of textiles, it will be necessary to simultaneously solve prob-
lems related to the production capacity of technological processes (rate of production),
quality of products (by construction and functionalization of fibrous structures), and eco-
logical requirements (including the suppression of microplastic formation).

It is well known that during the production of textile structures, textile materials and
intermediates (fibers and yarns) are heavily damaged and broken due to [11]:

e  Dynamic forces during fibrous structure production have different amplitudes and
often extreme values.

e Intensive mutual contacts between fibers or yarns and between fibers and machine
parts. The result is surface abrasion and frictional plowing, accompanied by the
production of local heat.

e  Environmental influences of moisture, heat, oxidation, and the presence of special
chemicals lead to local degradation.

There are fiber geometries more sensitive to the generation of fibrous microplastics
than hollow fibers, which are more sensitive to being partially destroyed. The yarn and
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fabric production processes generating seriously degraded fibers are characterized by the
high speed of production responsible for more frequent frictional contacts with working
elements such as rotor spinning, air jet texturing, and high-speed weaving. Critical are
processes of fabric brushing, surface trimming/cutting, preparation of fleece, etc.

In the work of Cai [5], it was found that a polyester rotor yarn exhibited an elevated
number of extracted fibrous microplastics (4310 fibrous microplastics/g) compared to other
types of yarns (160-230 fibrous microplastics/g), suggesting that the rotor spinning may be
a critical step responsible for microplastics formation.

Fibrous microplastics are released from textiles by several mechanisms. The first stage
is the release of the dust (nanoplastics and particles deposited on the surface as waxes in
the case of cotton) [6] from abraded fibrous materials’ surfaces and short fibers as part
of the surface’s hairiness. Surface hairiness is typical for linear staple fiber structures
(yarns) (composed fibers are usually over 1.5 cm in length) and for corresponding planar or
3D fibrous structures of these semi-products. Furthermore, the loose ends of the fibers
are mechanically damaged (repeated bending, torsion, abrasion, etc.), which leads to their
breaking, splitting, and loosening to the fibrous microplastics. A flowing medium, such as
air or water, can also supply the energy needed to separate the fibrous microplastics.

Flowing air is typical during normal use (wearing) of textiles or drying. Flowing water
is typical for washing processes. The formation of fibrous microplastics can be regulated
by appropriate selection of fiber-forming polymers, control of supramolecular structure
and surface structure of fibers, suitable construction of fibrous structures (production
technology), and suitable methods of their maintenance. These are complicated tasks, for
the solution of which both modeling and simulation (see [12]), such as the abrasion and
washing process and experimental results and morphological analysis of microplastics, will
be used [13].

3. Fibrous Structures and the Creation of Microplastics

At the fiber level, microplastics’ formation is related to surface abrasion, damage
due to fatigue, and the development of the fibrillar structure and its degradation. At the
level of fibrous structures are microplastics related to the extraction of protruding (broken)
fibers (related to hairiness). The release of fibrous microplastics can thus be controlled by
an appropriate selection of the composition, construction, and preparation technology of
the fibrous structures. Reduction of the release of fibrous microplastics while washing is
possible with some mechanical and chemical finishings. The most common techniques are
summarized in [14]. For example, surface coating creating film-covering fibers can act as a
protective layer against abrasion, reducing fibrous microplastics’ release.

3.1. Fibrillar Structures

All textile fibers release microplastics. Fiber microplastics and fragments (fibrous
dust) from natural cellulose-based and protein-based fibers usually degrade quickly in
environmental conditions and are not a real problem (except for high concentrations, e.g.,
in large-capacity warehouses). However, the degradation of fibrous microplastics from syn-
thetic fibers is slow (in the order of tens to hundreds of years in suitable climatic conditions),
which allows their accumulation over time and the emergence of serious problems.

Fiber-forming synthetic polymers are usually linear thermoplastics without bulky side
groups. For their melt spinning, it is required that the decomposition temperature of the
polymer TR be sufficiently above the melting point (TR-Tm > 30 °C). In the melt production
of synthetic fibers [14,15], the polymer melt is first forced through holes in a spinning nozzle.
This is followed by the solidification of the liquid jet and deformation by drawing. The
phase conversion to solid fiber takes place by cooling below the melting point. The result is
undrawn fiber. This is followed by tensile deformation—the drawing of the fiber—when
the orientation of the chains and polymer segments changes in the direction of the fiber
axis, and crystallization is accompanied by the formation of a fibrillar structure (which is
also typical for natural and chemical fibers). The last operation in which the formation of a
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fibrillar fibrous structure is completed is the stabilization (fixation of the structure) of the
fibers due to heating or swelling (relaxation of internal stresses, recrystallization). During
isometric fixation (at constant lengths), the orientation of the polymeric chains does not
change, and their mutual slippage occurs. Shrinkage occurs during isotonic fixation. In
both cases, internal stresses relax. The basic unit of the stabilized fiber is a spindle-shaped
formation with a length of 1 = 1 um and a thickness of d = 10 nm, called a microfibril [15,16].
It consists of regularly alternating crystalline regions K and amorphous regions A. The
length of amorphous region is 1-6 nm. The arrangement is high here; the density difference
between K and A is only 10% (see Figure 1).

WWW Krystalit

\ \ < TTM (47 nm)

H |_> 5-10nm

Figure 1. Synthetic fiber structure model.

The higher formation is a fibril formed by parallel bundles of microfibrils connected
by tie-TTM chains. Microfibrils typically have a diameter of 10-15 nm and a length of
103 nm. The fibrils have a diameter of 30-45 nm. The fibrillar structure corresponds to
the fibrous structure of most conventional fibers. Thus, the fibrillar structure cannot be
suppressed, but the tendency to separate fibrils and microfibrils can be influenced. Usually,
the microplastics are released due to fiber cracking or, more often, due to the separation of
particles from the surface (e.g., due to abrasion), as shown in Figure 2. Microplastics are
also released due to various degradation processes (see Figure 3) [17].

Figure 2. Confocal microscope image, fibrillation of cotton fiber ends.

Degradation processes cause depolymerization and statistical chain breaking. During
thermal degradation, radical depolymerization occurs mainly; during photodegradation,
the intensity of action depends on the amount of light energy. The energy of photons with
a 400-300 nm wavelength is 300-390 kJ /mol. (C-C bond energy is around 420 k] /mol). The
first step is breaking the primary bonds in the chains and depolymerization. Hydrolytic
degradation is caused by the action of water in an aggressive liquid environment. The basic
process is chain breaking. Mechanical degradation as shear stress breaks polymeric chains
and generates radicals. Some types of mechanical degradation, e.g., by abrasion, do not
affect the polymer chain length. The simultaneous action of different degradations occurs.

Microplastics are often generated by processes of hydrolysis, especially synthetic
fibers, during maintenance (especially washing). The typical fragmentation of PET fibers
during hydrolysis is schematically shown in Figure 4.



Fibers 2024, 12, 51

50f11

¥
"__‘:.}s
Figure 3. Consequence of oxidative degradation of PP fibers.
L]
o,

time . gé mne time .8 .30%

Unreacted core Fragmentation, Cracking (TPA and Oligomers ) (TPA)
and TPA generation

Figure 4. Fragmentation of PET during hydrolysis. “Reproduced with permission from [18], Wiley, 2002”.

The resultant terephthalic acid (TPA) and ethylene glycol (EG) in hot water due to
the hydrolysis of PET demonstrate differentiating properties. An increase in the protolytic
constant is noticed as the temperature increases. More protons are available even in the
absence of acid and base catalysts. A decrease in the dielectric constant of water with
increasing temperature is observed. Hence, it is easier to dissolve organic molecules in
hot water. The dissolution of TPA at elevated temperatures, which is almost insoluble
at room temperature, becomes possible. On cooling the solution, the TPA is obtained by
precipitation [19].

The degradation processes cause damage due to excessive heat and mechanical effects
during the production process of textiles. Structural differences in the fibers are caused by
the tension during spinning. Polyester fibers and linear and cyclic oligo-esters are often also
formed during production. The challenges include the formation of dust, with spinnability
becoming more difficult with the increased wear and tear of guides and needles [20].

3.2. Hairiness

Hairiness is not a strictly separate property but rather a manifestation related to the
characteristics of fibers, geometry, type of yarns, design, and transformation processes
into planar structures. Extensive information is available about the hairiness of staple
yarns. Many yarn-hairiness assessment procedures are based on a longitudinal view (see
Figure 5) [1,2,8].

The results of current research show that the following characteristics of the fibers
influence the hairiness of the yarn: type, length, fineness, or diameter and shape of cross-
section; bending and torsional stiffness; strength and elongation at break; and coefficient of
friction. In the case of cotton fibers, impurities are also important, and in the case of wool
or synthetic-shaped fibers, it is also the degree of crimp and resistance to compression. The
hairiness of synthetic fiber yarns is higher than the hairiness of 100% cotton yarns. In the
case of blended yarns, it depends on the mixing ratio, the parameters of the individual
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components, and the blending quality [11]. For coarser yarns, the hairiness is higher
because the number of fibers in the cross-section increases, the yarn diameter increases,
and the probability of fiber ends appearing on the surface of the yarn is higher. An increase
in twists causes a decrease in yarn hairiness. The conclusions of various authors show that
this effect is more pronounced for coarse yarns than for fine yarns. Short fibers and loops
are pressed against the surface of the yarn due to eccentric pressures, while the position
and occurrence of long fibers are not much affected by the twist [21]. The influence of
production technology on yarn hairiness is a complex problem. There are two ways to
approach this. Understand the technology as a whole and monitor only changes in the
output product, and divide the technological process into individual phases and evaluate
changes in yarn behavior in connection with changes in individual operating units. Based
on the results of previous research, it can be stated that the factors affecting the quality of
yarn during production act together, and in some cases, it is not possible to eliminate their
effect. There are a large number of publications aimed at comparing the properties of yarns
produced by different technological processes, which focus on comparing the modification
of partial operations or the innovation of functional segments of machinery [1,2].

Figure 5. Influence of cotton yarn fineness on surface hairiness.

The hairiness of planar fibrous structures is examined only sporadically. There is a way
to evaluate it using optical methods (Figure 6) [22]. Furthermore, general recommendations
lack systematic research into the several factors affecting hairiness.

(b)

Figure 6. (a) Device for optical registration of surface hairiness, (b) surface hair profile of the
fabric [22].

3.3. Surface Abrasion

Abrasion is one of the main causes of the release of fibrous microplastics. Abrasion
is catastrophic wear of fibers, yarns, and fibrous structures, which is the result of force
contact (friction) of their surface with another surface (see Figure 7) [16,23]. As a result,
abrasion causes a reduction in the material’s functionality, and it causes the formation
of microplastics already in the first stages. Abrasion occurs during fibrous structure
production, wear, use, and maintenance (especially washing). This action mechanically
degrades fibrous structures, creates fiber breaks, and causes the fiber ends to be pulled off
the surface or parts of the fibers to be removed [24,25].
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Figure 7. SEM pictures: failure of cotton fibers by abrasion.

Figure 8 [26] shows the influence of synthetic textile abrasion on the creation of broken
fibers (microplastic fibers, MPF) and fibrils (fiber fragments).

Microplastic fiber
= Diameter: 12 pum
= Length: 200-800 pum

/4

e L]
B3N S &% - Diameter: 2-5 um
d = Length: 30-150 um

Figure 8. Typical MPFs and fibrils extracted from polyester fleece [26].

Microplastics (>95%) extracted from abraded polyester fleece samples were found
to have similar ends to those found in non-abraded samples. They are representative of
fiber ends formed during cutting (e.g., by scissors or a knife). Therefore, the fraction of
the microplastics with solid ends collected from the abraded samples was unlikely to have
formed during the abrasion process but was liberated by the abrasion from within the
yarns or the textile structure [26,27].

It was found that in the case of PET yarns, the filaments are stretched by periodic
mechanical stress. Because of this stretching, filaments rupture successively. The proposed
mechanism of repeated deformation is shown in Figure 9 [28].

The quantity of microplastic created by abrasion was about five to thirty times higher
than the quantity of microplastic fibers extracted from non-abraded samples [29,30]. It was
found [29] that there is a particularly good correlation between abrasion resistance (defined
as 1/W, where W is weight loss due to abrasion) and the parameter 02/2E, where o is
breaking strength and E is the initial modulus of an ideal fiber with a linear stress—stain
curve (elastic response). This parameter is equal to the elastic energy of rupture and can
therefore be used as a measure of the resistance of a fiber to brittle fracture [30].
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Figure 9. Increasing deflection of the fibers/filaments during the continuous rubbing process finally

leads to a rupture of the fiber material.

Fiber movement and displacement occur through constant rubbing across the surface
of a fabric, with fibers at or close to the surface experiencing the highest stress. During
regular rubbing, the fibers alternate between being pushed in opposite directions. The
more frequently this action occurs, the more the fibers are bent and the greater the tension
that accumulates [28]. Abrasion resistance often relies more on a material’s toughness
than its tensile strength. The key factor is the amount of energy absorbed during recurring
deformation. This energy is represented in the elastic energy, or usable part of total
energy. Therefore, to minimize abrasion damage, the material needs to be capable of
absorbing energy and releasing it once the load is taken away. Energy in shear, compression,
and bending is critical for assessing surface abrasion. However, since these energies are
unknown, the elastic tensile energy offers a way to at least quantitatively interpret the
damage to fibers and the fiber structure [16].

Both repeated tension and abrasion resistances increase with an increase in twist
level. The abrasion resistance is higher for coarser yarns for all yarn types. The estimated
regression lines (using the least squares method) have the form [31].

Ring: AT =721.79 + 2.73 RT

Rotor: AT = —311.47 + 23.51 RT

Polyamides are generally regarded as having the highest resistance to abrasion.
Polyester and polypropylene are also recognized for their good abrasion resistance, while
acrylic and modacrylic display lower resistance compared to these fibers [29]. In terms
of fabric composition, longer fibers tend to show greater abrasion resistance than shorter
ones, as they are more difficult to dislodge from the yarn. Similarly, filament yarns have
better resistance to abrasion than staple yarns due to the same logic. Enhancing the fiber
diameter up to a certain point can also enhance abrasion resistance. However, there is an
optimal twist for achieving maximum abrasion resistance. Low twist levels allow for easy
fiber separation, while high twists hold fibers more securely due to cohesive forces. The
downside is that the yarn becomes more rigid, limiting its ability to deform when faced
with abrasion [29]. As for fabric structure, abrasion resistance increases with linear density,
given that the fabric’s mass per unit area remains constant. There exists an optimal value
for fabric sett to achieve the best abrasion resistance. More threads (higher sett) distribute
force across individual threads, but when threads are packed tightly, they lose the ability to
deflect under load, thus being unable to absorb the distortion [29].

During the abrasion of textiles, the cohesion of the fibers plays a key role, which
is usually affected by the yarn twist or the filling density. The frictional forces caused
by the movement of the fibers during abrasion are primarily dissipated in the fibers by
the development of tensile and shear stresses. The repetition of these stresses results
in fiber fatigue, which causes a loss of mechanical properties that leads to failure. The
main parameters of fibers that affect abrasion are their composition, fineness, and length.
Fibers with high elongation, elastic recovery, and work to break (i.e., toughness) have
an excellent ability to withstand repeated distortions (shape changes) and therefore have
higher abrasion resistance. An important parameter influencing yarn abrasion is twist.
The increase in yarn hairiness due to the higher proportion of fibers protruding from the
yarn surface reduces the abrasion resistance. The abrasion resistance is also affected by the
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method of yarn production. Compact yarn fabrics have higher abrasion resistance values
than ring yarn fabrics of the same construction.

4. Washing Processes and Microplastics

Washing is a standard part of the textile production and maintenance process. The
essence of washing is to remove impurities from the fabric using an aqueous solution of
detergents (a mixture of surfactant and excipients such as pH regulators and bleaches).
The washing conditions are set so that the dirt swells and is more easily separated from
the surface of the textiles. Under these conditions, cellulose-based textile fibers, such as
cotton, swell simultaneously. The washing process is intensified by the intensive flow
of the bath in the fabric, which is provided in the home wash by mechanical shocks and
the transfer of mechanical energy between the fabrics mediated by the mutual friction of
the fabrics. Mechanical action on textiles leads to their abrasion, and fibers release from
their structure. By this mechanism, a large quantity of fibers and their fragments—textile
microplastics—are released from the fabric. As a result, the fibrous microplastics enter
the wash water and can enter the sewage system and beyond. There is a small amount
of liquid in the system when washing due to savings in detergents, water, and energy. A
small amount of water leads to back-filtration (redeposition) of microplastics on the washed
fabric. This redeposited microplastic is one of the primary sources of textile microplastics
in residential interiors. The amount of fibrous microplastics generated by washing is
increasing with increasing washing temperature and washing time, stronger mechanical
agitations, and a higher concentration of detergents containing abrasive inorganic salts.

The amount of fiber fragments generated from washing is about 100 to 300 mg per
kg of washed fabric [30]. The influence of home washing conditions on microplastics
release was investigated in this work [31]. Based on the obtained empiric results, to
reduce microplastics due to home washing, it is recommended to use detergent, improve
washing machine filter size, and perform three industrial pre-washes. Just considering
three pre-washes, the reduction in microplastics would range from 37% to 76%, depending
on the type of fiber. For some special textile structures, like fleece fabrics, microplastics
are generated in high amounts after repeated cycles of washing and drying, as shown in
Figure 10.

Polyester (PES) knit fleece washing and dlying cycles

1 st cycle 5 th cycle 10 th cycle

Reverse

Figure 10. Microplastics removed by adhesive tape from the surface of PES fleece fabric after repeated
washing/drying cycles.

5. Conclusions

Fibrous microplastics are released from textiles by several mechanisms. The first
stage is the release of the fiber ends from the fibrous material’s surface, forming the
surface’s hairiness. Surface hairiness is typical for linear staple fiber structures (yarns)
(composed fibers usually over 1.5 cm in length) and for the corresponding planar or 3D
fibrous structures of these semi-products. Furthermore, the loose ends of the fibers are
mechanically damaged (repeated bending, torsion, abrasion, etc.), which leads to their
breaking, splitting, and loosening to the fibrous microplastics. A flowing medium, such
as air or water, can also supply the energy needed to separate the fibrous microplastics.
Flowing air is typical during normal use (wearing) of textiles or drying. Flowing water is
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typical for washing processes. Microplastics are also generated by the mechanical recycling
of fibrous products.

The forms of microplastics are abraded particles, fibrous fragments (the same diameter
as undamaged fibers), and fibrillar structures released from fibers (a much smaller diameter
than undamaged fibers). The specific form depends critically on the damage processes of the
fibers. To suppress fibrous microplastic generation, it is necessary to investigate and select
the processes for yarn and fabric formation. Furthermore, the impact of textile material
and structural parameters on the release of fibrous microplastics should be included.
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