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ABSTRACT: Fiber fragments are one of the dominant types of microplastics in environmental
samples, suggesting that synthetic textiles are a potential source of microplastics to the
environment. Whereas the release of microplastics during washing of textiles is already well
studied, much less is known about the release during abrasion processes. The abrasion of textiles
may induce fibrillation of fibers and therefore result in the formation of much finer fiber fragments.
The aim of this study was to investigate the influence of abrasion of synthetic textiles on the
formation of microplastic fibers and fibrils. Fleece and interlock textile swatches made of polyester
were abraded using abrasion tests with a Martindale tester. The microplastic fibers and fibrils
formed during abrasion were extracted from the textiles and characterized in terms of number,
length, and diameter. The microplastic fibers demonstrated the same diameter than the fibers found in the textiles (fleece: 12.3 μm;
interlock: 12.7 μm), while fibrils with a much smaller diameter (fleece: 2.4 μm; interlock: 4.9 μm) were also found. The number of
fibrils formed during abrasion in both textiles was higher than the number of microplastic fibers. The majority of the extracted
microplastic fibers had a length between 200 and 800 μm, while most fibrils were between 30 and 150 μm, forming two distinct fiber
fragment morphologies. The number of microplastic fibers formed during abrasion was 5 to 30 times higher than the number of
microplastic fibers that could be extracted from non-abraded samples. The number of fibrils increased after abrasion by more than a
factor of 200 for both fabric types. The fibrils formed during abrasion have diameters that fall within the inhalable size for airborne
particles. The potential release of fibrils into air during wear of textiles thus raises questions about the human exposure to these
materials. Since the Martindale tester can simulate a daily application scenario of textiles over a prolonged period only in a limited
way, future studies are needed to establish the correlation between the test results with a real-world scenario.
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1. INTRODUCTION

Microplastic fibers (MPFs) are one of the dominant types of
microplastics found in environmental samples,1−6 suggesting
that synthetic textiles may be an important source of
microplastics to the environment. For aquatic systems, one
study estimated that about 35% of the global releases of
microplastics into the ocean originated from washing of
synthetic textiles.7 Similar conclusions were drawn for
freshwaters by a recent modeling study, indicating that
clothing ranked as the second largest source of all microplastics
to Swiss freshwaters.8 It is estimated that about 0.17 to 0.28
million tons of MPFs reaches the aquatic system annually9,10

and the emission is expected to continue to grow in the
future.10 The occurrence of microplastics has been detected in
atmospheric fallout,3 rain,11 and household dust.4,12 The
deposition rate of microplastics was estimated to range from
1586 to 11,130 particles/m2/day for the indoor environ-
ment,4,12 which is much higher than the rate obtained for the
outdoor environment from remote US conservation areas (132
particles/m2/day)11 or a European metropolitan region (137−
512 particles/m2/day).13 The size of the microplastics reported
in the studies is usually between 11 and 5000 μm, while the
majority of detected MPFs had a size below 500 μm.5,14 A
study investigated the occurrence of MPFs in urban air in
Beijing, where MPFs with a length below 20 μm were reported

to be the dominant type of airborne fibers.15 Since MPFs are
commonly detected in air samples and the composition is
consistent with those used in textiles, this raises the hypothesis
that MPFs released from synthetic textiles are an important
source of airborne microplastics.11,16

MPFs can be released from textiles to air during wearing of
clothes.17 A recent study quantified MPF release into air from
textiles, where garments made of different types of textiles were
worn by volunteers and the MPFs released into air were
collected on filter paper.17 The results showed that the MPF
release ranged from 1 to 403 MPF per gram of textile with a
length between 494 and 1034 μm, resembling the fibers
released from textiles during washing.18 In addition, for most
types of the textile samples, the release to air during wearing
was approximately 10 times higher than the release to water
during washing, highlighting the importance of wearing as a
pathway of MPF release to the environment.18 Another study
focused on the emission of fluorescent aerosol particles from
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volunteers wearing different garments made of polyester,
cotton, or a mixture during specified activities in a closed
chamber.19 The results showed that the mode size of the
released fluorescent aerosol particles was between 3 and 5 μm
and volunteers wearing long clothing (i.e., long-sleeve shirts
and pants) emitted more fluorescent aerosol particles than
those wearing short clothing (i.e., t-shirts and shorts).19

Therefore, there is a possibility that microplastics with a much
smaller size can be released from synthetic textiles to air during
wearing.
It is still unknown how the abrasion of textiles after a period

of use will affect the MPF formation. The MPFs observed in
washing studies have a similar diameter to the original fibers in
the textile.18,20 There is evidence that the application of
repetitive shear stress on textile fibers can cause fiber fatigue,
which subsequently leads to fiber failure.21 The yarn-on-yarn
abrasion of polyester or nylon fibers under gentle conditions
(leading to a long life in the test, e.g., failure after 35,000
cycles) can result in fibrillation, where axial fiber splitting
occurs and much finer fibrils can be formed and worn away.21

This fibrillation does not only happen to synthetic fibers but
can be also observed for natural fibers, such as cotton.21 The
size of airborne fibers is relevant since it is generally
acknowledged that particles with an aerodynamic diameter
larger than 30−70 μm can quickly deposit.22 Particles with an
aerodynamic diameter less than 10 μm are often referred to as
“inhalable particles”.22

The aim of this study was to investigate the influence of the
abrasion of synthetic textiles on MPF and fibril formation
(together designated as fiber fragments in the following). The
abrasion experiment was conducted using a Martindale tester,
which was originally designed to test the abrasion resistance of
upholstery textiles. The MPFs and fibrils formed during
abrasion were then extracted from the textile samples and
deposited on a filter. A scanning electron microscope (SEM)
was applied to characterize the fiber fragments on the filters,
and then the fiber fragments were analyzed in terms of number,
length, and diameter. The results from this work will not only
lead to a better understanding of MPF and fibril formation
during abrasion but also provide a new method for
investigating MPF and fibril release during abrasion.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Black-colored interlock and
fleece polyester textiles were obtained directly from manu-

facturers (Table S1 and Figure S1). The textiles were also used
in previous studies18,20 to investigate the formation of MPFs
during manufacturing and the release of MPFs during washing.
The textile samples were cut using a laser cutter (tt-1300,
Times technology) into circles with diameters of either 38 mm
(specimen) or 140 mm (abradant) following the ISO standard
12947-2:2016,23 where the specimen is rubbed against the
abradant during the abrasion test. The average weight for the
fleece sample was 0.21 g (specimen) and 2.84 g (abradant),
and for the interlock sample, it was 0.23 g (specimen) and 3.23
g (abradant).
A prewash step was performed to remove the majority of

extractable MPFs generated during manufacturing20 as well as
to reduce the interference by dusts and residues. All samples
were prewashed three times with 150 mL of linear
alkylbenzene sulfonic acid (LAS) solution (0.75 g/L pH 9.2
± 0.1) at 40 °C with a Gyrowash lab washing machine (James
Heal, GyroWash model 1615) as described in previous
washing studies.18,24 No steel balls were used during washing
since the use of steel balls may result in higher abrasion.25 After
prewashing, the textile samples were dried under aluminum foil
at room temperature overnight. The change of sample weight
before and after prewashing and drying was below 0.5%.

2.2. Abrasion Experiments. The textile wearing process
was simulated using a Martindale tester (4-station Martindale
tester. SN-103/06/1049, James Heal) (Figure S2). This
instrument is designed to test the abrasion resistance of the
upholstery textile by rubbing textile samples against a standard
surface under a specific pressure.23 The endpoint of the test is
when the breakdown of textile samples can be determined,
where the criteria of breakdown refer to “thread breakage” or
“worn-off area” as indicated in the ISO standard 12947-
2:2016.23 The textile abrasion resistance can be evaluated by
recording the number of rubs needed until the endpoint. The
ISO standard aims at evaluating the quality of textile products,
and thus, an extreme scenario is considered. Since our study
was designed to simulate the daily use of textiles, the abrasion
experiment was stopped after 5000 rubs. At this time, pilling
was observed on the surface of the fabrics. Compared with
complete thread breakage, the pilling phenomenon is
commonly observed for polyester textiles under typical use
conditions.26 Some additional modifications were made to the
ISO standard to collect MPFs and fibrils from the apparatus.
First, the standard abradant was replaced with the same
material as the specimen, thereby simulating a fabric-on-fabric

Table 1. Summary of the Experimental Conditions and the Different Control Samples Useda

abrasion

experiment aim textile

put on the
Martindale

tester abrasion conditions extraction condition

abrasion
experiment

investigate MPFs/fibrils formation during abrasion fleece,
interlock

yes 12 kPa, 5000 rubs 1 cycle (45 min) at 40 °C,
no steel balls, LAS solution

control-
abrasion

determine the contamination (i.e., from the surroundings
and the operation of the Martindale tester) during
abrasion

fleece,
interlock

yes 5000 rubs, samples were
lifted to avoid abrasion

control-
textile

determine the baseline of extractable MPFs/fibrils in textile
samples

fleece,
interlock

no N/A

control-
extraction

determine the contamination (i.e., from the LAS solution
and the steel vessels for washing) during extraction

none no N/A

water wash investigate the influence of the addition of surfactant on
MPFs/fibrils extraction

fleece yes 12 kPa, 5000 rubs 1 cycle (45 min) at 40 °C,
no steel balls, nanopure
water

aThe number of the samples for each experiment are summarized in Table S3.
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rubbing situation. Second, the standard woven felt textile and
the polyetherurethane foam material were not used as
underlays to back the abradant and specimen, to avoid the
input of additional fibers unrelated to the test textile into the
system. Instead, rubber sheets (thickness of 1.5 mm) were cut
into the size of the specimen and abradant using scissors and
were used to replace the standard overlays. The rubber sheet
had a smooth surface from which fibers could be rinsed off
more easily. Additionally, a metal ring made of stainless steel
(inner diameter of 13.3 cm, thickness of 1.3 cm, and height of
4.8 cm) was mounted on each station to avoid cross-
contamination between samples and to collect the MPFs/
fibrils deposited to the apparatus (see Figure S3).
Before the abrasion test, the equipment was cleaned with

liquid soap, water, and an air blower to remove any
contamination. During each round of abrasion experiments,
12 kPa pressure was randomly placed on three stations and the
fourth one served as a control (noted as “control-abrasion” in
Table 1). The setting for the control was the same as the
abraded samples, except that the specimen was lifted from the
abradant to avoid any abrasion. A white coat made of cotton
and powderless nitrile gloves was worn throughout the
experiment.
Since the system was not completely closed, we checked if

MPFs or fibrils could escape from the system by placing
double-sided carbon tape (PLANO G3347, diameter of 12
mm) on the top, middle, and bottom of the three metal rings
enclosing the abrasion samples, as shown in Figure S3. The
tape was observed after the abrasion experiment under an SEM
to assess if MPFs deposited on the metal rings.
2.3. MPF and Fibril Extraction. MPFs and fibrils were

collected from both the apparatus (steel sample holder, ring,
and rubber overlay) and extracted from the textile samples
(abradant and specimen). LAS solution (150 mL) was used to
rinse the apparatus, and the liquid was collected. MPFs and
fibrils in the textile abradant and specimen were extracted
separately with 150 mL of LAS solution using a GyroWash lab
washing machine (James Heal, GyroWash model 1615) for 45
min at a temperature of 40 °C. No steel balls were added
during the washing. The samples were then squeezed to
remove excess water. To better disperse the MPFs in the
extraction liquid, the solution was sonicated for 3 min using an
ultrasonic probe (Sonopuls HD, 2070; with probe VS 70 T;
power 70 W; frequency 20 kHz; amplitude 25%; pulse 1 s).
The sonication is unlikely to cause damage to the fibers and
result in the generation of MPFs or fibrils as reported in a
previous study.20 The solution was transferred using a pipette
to a vacuum filtration system, and the solution was filtered
onto a cellulose acetate membrane (diameter of 13 mm, pore
size of 0.45 μm; Sartorius GmbH). Depending on the
concentration of MPFs and fibrils determined in pretests,
between 1 and 50 mL of extraction liquid was used as a
subsample to avoid too much overlapping of fibers on the filter.
The filtered volume for each sample can be found in Table S2.
The filters were dried in a Petri dish with a cap at room
temperature overnight.
To determine the contamination level during extraction, two

blanks containing only LAS solution were randomly inserted
into each extraction cycle (noted as “control-extraction” in
Table 1). To assess the baseline of extractable MPFs from non-
abraded samples, fleece and interlock textiles without abrasion
were also extracted using the GyroWash lab washing machine.
This set of experiments is indicated as “control-textile” in

Table 1. Therefore, together with “control-abrasion”, controls
at three different levels were conducted to assess the whole
experimental workflow.
An additional experiment (i.e., “water wash” in Table 1) was

performed using the fleece textile to investigate the extraction
efficiency of MPFs and fibrils without a surfactant. The
experimental procedure was the same as for the standard
abrasion experiment, except that nanopure water was used to
replace LAS solution as the liquid during extraction in the
GyroWash lab washing machine.

2.4. Image Analysis. Filters were sputtered with a 7 nm
layer of Au/Pd using a high vacuum sputter coater (LEICA
EM ACE600) before observation under SEM (7 kV, Quanta
FEI 650). To determine the number and length of MPFs and
fibrils, the filters were imaged at a magnification of 200 with a
resolution of 1536 × 1024 pixels. A grid of 7 × 10 images (i.e.,
70 photos total) were needed to cover the entire area of each
filter, which was achieved by the automatic “mapping” function
of the Quanta FEI 650. The 70 images were subsequently
merged after manually checking and adjusting the position of
each image. The complete image had a width of 13.248 mm
with a resolution of 9669 × 9132 pixels (∼166 mm2). To
determine the diameter of MPFs and fibrils, a grid of 4 × 5
images (i.e., 20 photos total) was taken at a higher
magnification of 500×. The final image had a width of
3.0673 mm with a resolution of 5582 × 4601 pixels (∼8 mm2).
Examples of analyzed images are shown in Figures S4 and S5.
The image analysis was carried out with ImageJ.27 The image
captured all MPFs/fibrils in the subsample of the extraction
liquid, and all MPFs and fibrils on the filters were labeled
manually using a Microsoft surface tablet and a stylus pen. In
total, 104 composite images were analyzed, where 2365 MPFs
and fibrils were measured to evaluate the number and length,
and 502 were used to assess the diameter.
Only fiber fragments with an aspect ratio greater than 3 were

counted as fibers, as defined by the European Chemicals
Agency.28 Two fiber morphologies were identified. The first
type had a cylindrical shape and is referred to as “MPF” in the
text. The second type of fibers had a “tape-like” shape and had
a much smaller diameter. They are referred to as “fibrils”. The
detection limit for the length was 9−10 pixels at the
magnification of 200×, corresponding to 15 μm, while at the
magnification of 500×, the detection limit was 1 μm (4−5
pixels). For the tape-shaped fibrils, the diameters were
determined by measuring the widest part.
Additionally, SEM was used to characterize the surface of

the textiles and the fibers protruding from the textile surface.
The same sputtering method was applied as described above.
The textile surface was imaged at a magnification of 100×,
while the fiber ends were characterized at a magnification of
2000×. Fifty fiber ends were randomly imaged to estimate the
percentage of truncated (i.e., solid ends) and fibrillated ends
(i.e., fiber ends with axial fiber splitting at the end). Images at
different magnifications (i.e., 500×, 2000×, and 10,000×) were
taken by SEM to better characterize the fiber fragments. The
percentage of truncated and fibrillated ends was estimated by
randomly imaging 50 fiber ends at a magnification of 500×.

2.5. Statistics. A one-way ANOVA test in IBM SPSS
software (version 27) was used to determine the influence of
the textile type on the number of extracted MPFs and fibrils. A
nonparametric Kruskal−Wallis (K−W) one-way ANOVA test
in IBM SPSS software (version 27) was used to compare the
distribution of length and diameter in the following groups:
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(1) with abrasion and without abrasion; (2) different samples:
apparatus, specimen, and abradant; and (3) with and without
the addition of surfactant. A p value of less than 0.05 was
considered statistically significant.

3. RESULTS
3.1. Assessment of the Methodology. The ISO

standard was not designed to capture released fibers, and
therefore, various tests were performed to evaluate the
suitability of our adapted methodology. The possibility that
MPFs and fibrils escaped the enclosure around the abrasion
stand was evaluated by analyzing double-sided carbon tape
placed at different positions on the ring. On average, 4 ± 4
MPFs and 1 ± 1 fibrils were observed at the bottom of the
ring, while 0 to 1 MPFs or fibrils were observed at the upper
side of the ring (Table S4). Therefore, it can be assumed that
the majority of MPFs generated were contained and collected
within this system and did not escape.
To optimize the extraction method, an experiment was

carried out to assess the influence of the surfactant on the
extraction of MPFs and fibrils after abrasion (Figure S6 and
Tables S5 and S6). The number of MPFs and fibrils extracted
from abraded textile samples with pure water was only 120 ±
32 MPFs and 140 ± 40 fibrils per gram of textile, which was
approximately 20 and 40 times lower than by extraction with
LAS. There was no significant difference (p value of 0.52,
Table S7) observed between the length distribution of MPFs
extracted with LAS (median: 290 μm) and water (median: 229
μm). LAS tended to extract significantly shorter and thinner (p
value of 0.000, Table S7) fibrils (length: 56 μm; diameter: 2.4
μm) than water (length: 99 μm; diameter: 3.0 μm). Therefore,
LAS was chosen to extract the MPFs and fibrils from textile
samples.
MPFs and fibrils collected from the apparatus, specimen,

and abradant were first separately analyzed for number, length,
and diameter. To better compare the number of fibers
extracted from different samples, the absolute values are
shown in Figure S7, while the number normalized to the mass
of the textiles are shown in Table S8. The absolute number of
MPFs collected from the apparatus (fleece: 1700 ± 843;
interlock: 2900 ± 910) was about more than one-thirds
(fleece: 37%; interlock: 64%) compared to the one extracted
from specimen and abradant. These results show that it is
important to include the fibers deposited on the apparatus in
the counting of fibers. In terms of the length distribution
(Figure S7 and Table S9), the MPFs and fibrils collected from
the apparatus usually demonstrated a significantly longer
length (p-value of 0.000, Table S11) than those extracted from
the specimen and abradant (e.g., fibrils from fleece: 453 μm for
apparatus, 57 μm for specimen, and 53 μm for abradant).
There was no significant difference of the diameter between
MPFs collected from apparatus, specimen, and abradant
(Tables S10 and S11). The diameter of fibrils collected from
different samples was also similar, except for interlock where
significantly thicker fibrils (p-value of 0.000, Table S11) were
found on the apparatus than in the textile samples (Figure S7
and Table S10). In the later analysis, the MPFs and fibrils
collected from apparatus, specimen, and abradant were
combined.
Several measurements were performed to assess the

contamination and the reliability of the extraction and
analytical procedures. To quantify the contamination during
the extraction step, 14 blanks were assessed and indicated as

“control-extraction” in Table 1. The level of contamination was
0 to 2 ± 1 MPFs per 150 mL and 0 to 8 ± 6 fibrils per 150 mL
depending on the set of experiments. The baseline of
extractable MPFs or fibrils in textile samples was determined
by analyzing the number of MPFs and fibrils extracted from
textile samples without abrasion (“control-textile”), which was
410 ± 230 MPFs and 31 ± 16 fibrils per gram of textile for
fleece and 69 ± 36 MPFs and fibrils below the detection limit
for interlock. The detection limit considered here for fibrils was
calculated as the mean of the blanks (“control-extraction”) plus
three times the standard deviation, which was 26 fibrils per
gram of textile for interlock fabric. The baseline value shows
the amount of MPFs or fibrils present in textile samples before
abrasion. The MPFs and fibrils originated from this source
accounted for about 20 and 0.51% for fleece and 3.1 and 0%
for interlock. For “control-abrasion”, the contamination of the
apparatus (steel sample holder, ring, and rubber overlay) was 0
MPFs and 5 ± 4 fibrils during the whole abrasion period. The
MPFs and fibrils found in the control-abrasion samples
(abradant and specimen) were 590 MPFs and 160 fibrils per
gram of textile for fleece and 87 MPFs and 100 fibrils per gram
of textile for interlock. The contamination during abrasion (the
difference between the number of extracted MPFs or fibrils
from “control-textile” and “control-abrasion”) accounted for
about 8 and 2% of those found in the abraded samples for
fleece (2100 ± 930 MPF per gram of textile; 6000 ± 2700
fibril per gram of textile) and about 0.8 and 2% for interlock
(2300 ± 250 MPF per gram of textile; 5300 ± 640 fibril per
gram of textile). Therefore, MPFs and fibrils analyzed from the
abraded samples were mainly formed during the abrasion
process.
To determine the reliability of filtering to achieve the precise

number of MPFs or fibrils measured, three aliquots from the
same extraction solution were analyzed, as shown in Figure S8
and Table S12. The majority of the samples demonstrated a
relative standard deviation below 15% (4−14%), except for the
release to apparatus for the fleece samples (MPF: 26%; fibril:
44%). Considering the small size of the filter required for SEM
analysis, which limited the number of analyzed MPFs (average
of 23 ± 15 MPFs and 43 ± 51 fibrils per filter), the results
showed that the subsamples were representative for the
number of MPFs and fibrils, and the results obtained by the
chosen workflow were reproducible. Moreover, all experiments
were carried out in three replicates. The relative standard
deviation of the MPF and fibril number ranged from 7 to 100%
with an average of 38%.

3.2. Characterization of Abraded Textiles and Fiber
Fragments. The change of the surfaces after abrasion of the
fleece textile samples can be observed from SEM images
(Figure 1A,B). The surface of the textile without abrasion was
fuzzy, while aggregations of fibers were observed on the surface
of the abraded textile. When imaging the ends of fibers
protruding from the surface of the textiles at a higher
resolution, all randomly selected fibers from the non-abraded
sample had truncated ends (Figure 1C). For the abraded
samples (fleece, specimen), fibers with truncated ends also
accounted for the majority of fibers observed (about 90%), but
approximately 10% of the fibers had fibrillated ends (Figure
1D), where a number of tiny fibrils protruded from the end of
the fiber. These types of fiber ends were not observed in the
non-abraded samples.
The MPFs and fibrils extracted from the samples were

characterized by SEM (Figure 2). All MPFs extracted from the
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non-abraded fleece textile demonstrated truncated ends, while
fibrils were rarely observed (Figure 2A). For abraded samples,
the number of extracted fibrils was much higher than the
number of MPFs (Figure 2B), and both MPFs with solid ends
and fibrillated ends could be observed. The MPFs with solid
ends were identical to those found in non-abraded samples
(Figure 2C) and accounted for the majority (>95%) of the
fibers found from abraded fleece. A small portion (<5%) of
MPFs demonstrated fibrillated ends (Figure 2C), and this

feature was the same compared to the fibrillated fiber ends
observed on the textile surface (Figure 1D). Fibrils were
further characterized at a higher magnification of 10,000×
(Figure 2D). It can be seen that fibrils possessed a tape shape
and had a much smaller diameter (about 2 μm) than the fibers
(about 12 μm).
The number of MPFs and fibrils contained in the textiles

after abrasion was quantified in the extraction solution. The
numbers of MPFs extracted from fleece and interlock after
abrasion were 2100 ± 930 and 2200 ± 250 MPFs per gram of
textile, which are 5 and 30 times higher than the numbers of
MPFs extracted without abrasion (Figure 3A,D). In non-
abraded samples, almost no fibrils were detected. In particular,
for interlock, the number of fibrils was below the detection
limit of 26 fibrils per gram for non-abraded samples and rose to
5300 ± 650 fibrils per gram of textile after abrasion. For fleece,
the number of fibrils increased approximately 200 times from
31 ± 16 fibrils per gram of textile before abrasion to 6000 ±
2700 fibrils per gram of textile after abrasion. The number of
total MPFs and fibrils extracted from the non-abraded
interlock sample was more than 5 times lower than the MPF
extracted from the non-abraded fleece textile. However, the
number of MPFs extracted from both types of textiles was not
significantly different after abrasion (p value of 0.49 for MPF
and 0.68 for fibril, Tables S13−S15).
The length distribution of the MPFs is displayed in Figure

3B,E as notched box plots. Overlapping notches of two boxes
strongly indicate (95% confidence) that the median of two
distributions is not significantly different.29 For fleece,
significantly longer MPFs were extracted from the abraded
sample (p value of 0.000, Table S20; median length of 290
μm) than MPFs extracted from non-abraded samples (median
length of 239 μm), which was opposite to the trend observed
for fibrils (abraded: 56 μm; non-abraded: 143 μm; p value of
0.000, Table S20). For interlock, significantly shorter MPFs (p
value of 0.000; median length of 332 μm) were extracted from

Figure 1. Characterization of the fibers of the surface of fleece. The
images on the left show the non-abraded sample, and on the right
side, the images show the abraded sample (12 kPa, 5000 rubs): (A)
surface of fleece textile, non-abraded; (B) surface of fleece textile,
abraded specimen; (C) solid fiber ends of fleece textile, non-abraded
specimen; (D) fibrillated fiber ends of fleece textile, abraded
specimen. SEM images were taken under 7 kV, the magnification
for panels (A) and (B) was 100×, and for panels (C) and (D), it was
2000×. The scale bars in panels (C) and (D) apply to all the four
small images. Similar images for the interlock sample are displayed in
Figure S9.

Figure 2. Characterization of MPFs and fibrils extracted from fleece: (A) MPFs extracted from non-abraded fleece textile at a magnification of
2000×; (B) MPFs and fibrils extracted from abraded fleece textile at a magnification of 500×; (C) MPFs and fibrils extracted from abraded fleece
textile at a magnification of 2000×; (D) MPFs and fibrils extracted from abraded fleece textile at a magnification of 10,000×. The scale bars in
panels (A), (C), and (D) apply to all the nine small images. Similar images for the interlock sample are displayed in Figure S10.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c00650
Environ. Sci. Technol. 2021, 55, 8001−8009

8005

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00650/suppl_file/es1c00650_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00650/suppl_file/es1c00650_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00650/suppl_file/es1c00650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00650/suppl_file/es1c00650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00650/suppl_file/es1c00650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00650?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c00650?rel=cite-as&ref=PDF&jav=VoR


abraded samples than from non-abraded samples (median
length of 632 μm). For both fleece and interlock, fibrils had a
length that was 2 to 4 times smaller than that of the MPFs.
The average diameter of the MPFs extracted from abraded

samples was 11.8 and 12.9 μm for fleece and interlock,
respectively (Figure 3C,F), which were similar to the ones
observed within the textiles (12.3 ± 2.1 for fleece and 12.7 ±
1.5 for interlock), and there was also no significant difference
between the MPFs extracted from abraded and non-abraded
samples (p value of 0.40 for fleece and 0.08 for interlock, Table
S20). Compared to MPFs, fibrils had much smaller diameters:
2.4 μm for fleece and 4.9 μm for interlock. Significantly thinner
fibrils were found to be extracted from the abraded fleece
(diameter of 2.4 μm) than from the non-abraded samples
(diameter of 2.8 μm; p value of 0.000).

4. DISCUSSION
Microplastics in air are ubiquitous, and therefore, a careful
examination of possible cross-contamination during sample
handling is needed by carrying out various control experi-
ments. In our experiments, the contamination during abrasion
contributed a very small amount of MPFs and fibrils to those
extracted from the abraded samples (MPF: 0.8−8%; fibril:
2%), suggesting that the interference from this source was
under control. The contamination during extraction also
contributed negligible amounts of fiber fragments (less than
0.1%) in the later analysis. Although the interference from
production-inherited MPFs/fibrils in the textile samples could
not be fully eliminated, the assessment shows that the majority
of the MPFs (fleece: 71%; interlock: 97%) and fibrils (fleece:
96%; interlock: 98%) extracted from the abraded samples were
formed during the abrasion process.
The abrasion process may affect the MPF extracted from

synthetic textiles in two ways. First, previous work has shown

that MPFs can already be contained in some textiles and likely
originate from high-energy processes during textile manufac-
turing.18,20 MPFs are found to be present in various textile
products before the use phase.20 Processes that induce fiber
breakage can be determined by characterizing the fiber end
morphology, where high-energy cuts usually result in solid fiber
ends without splits.21,30 The production-inherited MPFs often
demonstrated solid ends similar to those generated by high-
energy cut.18 In this case, the increase in MPFs extracted from
textiles after abrasion is likely due to the mobilization of MPFs
from the textile structure. Most of the MPFs (>95%) extracted
from abraded samples were found to have similar ends to those
found from non-abraded samples and they are representative
of fiber ends formed during high-energy cuts (e.g., scissors and
knife). Therefore, the fraction of the MPFs with solid ends
collected from the abraded samples was unlikely formed during
the abrasion process but was liberated by the abrasion from
within the yarns or the textile structure.
Compared with MPFs formed by high-energy cuts, abrasion

often leads to fiber fatigue and fibrillation, resulting in the
formation of much thinner fibrils.21 MPFs with fibrillated ends
and fibrils with a shorter length and smaller diameter were
extracted from the abraded textile samples, while the
fibrillation of fibers was also observed at the textile surface
after abrasion. A small number of fibrils were found in the non-
abraded fleece, but for the interlock textile, the number of
fibrils found for the non-abraded sample was below the
detection limit. Therefore, it is unlikely that the washing
process is responsible for the generation of fibrils because only
a very limited amount of fibrils was found in non-abraded
samples, which also went through the washing process. It
cannot be excluded that a small amount of fibrils may have
been formed during the textile manufacturing process and were
already contained in the fabric similar to the MPF. Fleece

Figure 3. Number and distribution of length and diameter of MPFs and fibrils extracted from fleece and interlock textiles with and without
abrasion. The length and diameter distribution presented here are a summation of triplicate experiments. For length distribution, the number of
MPFs or fibrils counted per sample was between 13 and 835, with an average of 299. For the diameter distribution, the number of MPFs or fibrils
plotted per sample was between 9 and 156 (Table S21), with an average of 67. 25th and 75th percentiles are represented by the boxes, and the
median is indicated by a line. The number of extracted MPFs and fibrils is normalized to the mass of the textiles. n.d. refers to “not detected”. The
numerical values shown in the plots are given in Tables S16−S19 in the Supporting Information.
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textiles are known for their fuzzy texture, which is usually
generated by a shearing process where surface fibers are
cut31,32 and this process may be responsible for the small
amount of fibrils already contained in the fabric before
abrasion.
The number of MPFs extracted from the non-abraded

interlock sample was higher than that for fleece, but after
abrasion, the number of MPFs extracted from both types of
textile was about the same. Many studies investigated the
factors affecting MPF release from different synthetic textiles
during washing.18,24,26,33−43 MPF release from textiles has been
reported to be influenced by textile properties including the
type of yarns, surface treatment, and edge treat-
ment.24,26,33−37,40−42 A recent study also investigated the
influence of finishing treatment on fiber release from cotton
textiles during washing,44 where the results show that the
mechanical properties of fibers play an important role. Softer
fabrics tended to form more fuzz and release more fibers.44

The application of a softener to cotton textiles can also reduce
the fiber brittleness and increase abrasion resistance, resulting
in the release of longer fibers.44 However, the influence of the
softener on polyester textiles still needs to be investigated since
polyester is hydrophobic, which may absorb much less softener
than cotton. Further systematic research is also needed to
understand how those textile properties can influence the MPF
release after abrasion because only two different fabric types
were used in this work.
There are several limitations of this study that need to be

considered. First, the Martindale tester can only simulate a very
limited daily application scenario of textiles such as sitting and
moving with clothes on a chair and sofa over a prolonged
period. Thus, the results obtained from the experiment
describe the potential of MPFs and fibrils to be generated
during several years of use. Further research needs to establish
the influence of parameters such as the number of rubs and the
level of pressure on fibril formation during abrasion. Second, in
our abrasion tests, the specimen and the abradant were fixed
on the sample holders and they were always in close contact
with each other, which may hamper the release of fibers into
the surrounding environment. To simulate a more realistic
scenario, a chamber study needs to be conducted by volunteers
wearing aged garments and establishing if under these
conditions also a bimodal size distribution is obtained.
So far, the presence of fibrils and the bimodal size

distribution of fiber fragments released from textiles have not
been reported in textile release studies or in monitoring studies
in the environment. The length of the fibrils formed during
abrasion was shorter than the MPFs detected in aquatic and
terrestrial systems, where the length of detected MPFs ranged
from 500 to 1000 μm.45 Compared to microplastics in soil and
water, the majority of MPFs found in air demonstrate a size
below 500 μm.14 A study investigated the occurrence of MPFs
in urban air in Beijing, where MPFs with a size below 20 μm
were reported to be the dominant types of airborne fibers.15

The size of MPFs in surface dust was found to be a bit longer
than the airborne fibers with a major size between 25 and 200
μm,15 which is in accordance with the length of fibrils reported
in our study.
A fraction of the airborne MPFs with a smaller size are

believed to be inhalable46,47 and may be persistent in the lung
and cause a biological response such as inflammation.48−50

Compared to the longer MPFs, the fibrils with a smaller size
may raise more human exposure issues. The transport of

particles in air is determined by their aerodynamic behavior,
which depends on the aerodynamic diameter.51 For stiff fibers,
the diameter or width of fibers plays the central role,
controlling the aerodynamic diameter, and subsequently, the
pulmonary deposition,52,53 while the length was reported to
have little impact on fiber deposition in lungs.53 Although the
fibrils discovered in our study have an average diameter
between 2 and 5 μm, it is difficult to estimate the aerodynamic
diameter of fibrils. The fibrils can demonstrate a high degree of
curvature and flexibility compared to (comparatively more)
stiff MPFs. Further studies are needed to investigate the
aerodynamic behavior and the penetration of fibrils to the
lower respiratory tract and the subsequent potential health
hazards. It should be noted here that, if the mechanism of
toxicity is merely a consequence of inhalation of fine particles,
the fibrils generated from synthetic textiles would not
necessarily be more hazardous than those from natural fibers,
which may be easier to be broken down into smaller pieces
than those with a synthetic origin. It is therefore necessary to
also include natural fibers such as cotton into further studies
about the release and hazard of fibrillated fibers.
In terms of the ecotoxicity of MPFs, a recent review by Bucci

et al.54 has analyzed the data from 139 studies investigating the
ecotoxicological effects by plastic debris, and the results show
that the shape of the particles is an important factor affecting
the effects of microplastics. The observed effects ranged from
no effects,55 effects at the cellular level (e.g., mucosal damage,
inflammation, and metabolism disruption),56 and effects at the
sub- and organism level (e.g., longer egestion times, reduced
growth, and mortality).57−59 Some studies compared the
toxicity of MPFs with microplastics with other shapes, and
MPFs were found to be more toxic to shrimps (Palaemonetes
pugio)58 and a crustaceans (Hyalella azteca)57 than spheres and
fragments, respectively. Fibers were also found to cause a
higher degree of intestinal damage after ingestion by zebra fish
than beads and fragments.56 The size of MPFs is also reported
to play a role in the toxicological effects to organisms, where
studies show that longer fibers are more toxic to shrimps58 and
zebra fish.60 However, the fibers used in those studies had a
diameter of 20 μm, which is much larger than the diameter of
fibrils found in this study. Microplastics with a smaller size are
reported to exert more likely effects54 since smaller particles
are more bioavailable61 and easier to translocate across the
gut/extracellular barrier.62 Therefore, the fibrils with a much
smaller size and diameter may also have different ecotoxico-
logical effects on aquatic and terrestrial organisms than MPFs,
which need to be carefully assessed in the future.
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microplastic fibers from microfiber fleece during domestic washing.
Environ. Sci. Pollut. Res. 2016, 23, 22206−22211.
(40) Sillanpää, M.; Sainio, P. Release of polyester and cotton fibers
from textiles in machine washings. Environ. Sci. Pollut. Res. 2017, 24,
19313−19321.
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