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Abstract: The topic of shedding of micro-sized polymeric particles, so called microplastics,
from textiles has been covered by an increasing number of studies over the past years. However,
the methods with which the shedding of microplastics from textiles has been measured so far has
shown a large variation. Consequently, the results regarding the amount of shed particles also vary,
from 120 to 728,289 particles from similar garments in recent studies. This article presents research
enabling for identification of whether the shedding of microplastics from different types of fabric
was dependent on construction parameters. As none of the methods in the existing literature could
be used for evaluating shedding of microplastics from textiles, a method was developed for this
purpose. The resulting final method is described in this paper as well as the work with minimizing
the error sources and consequently the standard deviation of the results through selection of material
samples, equipment and procedure for sample preparation, washing, filtering the washing water
and analyzing the shed microplastics. Comparing the environmental load of different garments,
or identifying improvement possibilities in garment construction are two examples of how the
method can be utilized.
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1. Introduction

In recent years, pollution by micro-sized polymeric particles (henceforth called microplastics)
in aquatic ecosystems has raised concerns [1,2]. Microplastics has been found to serve as both a
transport medium and a potential source of toxic chemicals in the marine environment [3]. In addition,
spread of antibiotic resistance might increase among bacteria communities that form bio-films
on microplastics compared to those that are free-living [4]. Several sources describe the possible
detrimental impacts from microplastics pollution on the ecosystem as well as human health [5-7].
Environmental monitoring shows that microplastics are present in aquatic environments at a growing
rate [8,9]. At the same time, there is an uncertainty to how large the risks are that microplastics pose,
and there is currently no studies available that can provide evidence that the micro-sized plastic
particles pose any hazard in itself [10,11]. However, for emissions to air and consequent inhalation
in the human lung, the potential hazard related to size and shape especially related to emissions in
working environment is discussed [12]. Regardless of whether the microplastics’ size and shape is
important in itself, the size is important for the possible impact on aquatic ecosystem and human
health as a carrier of toxic substances. Here it is the hydrophobic properties that enable adsorption
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of persistent pollutants in the aquatic environment in contrast to cellulose based material and other
hydrophilic materials. When the microplastics are small enough they can enter animals and plants
in the aquatic environment, and if in the range of 2-200 pm, they can be mistaken for plankton and
ingested by aquatic species.

In the literature on microplastics pollution, the particles studied vary in size. The common
definition of a microplastics particle is below 5 mm (5000 um) with no lower limit to be counted
as microplastics. However, a lower limit of some pum is often employed of practical reasons [13].
The definition of a textile fibre implies on the other hand a certain shape: fibres are very small in
diameter in relation to the length. However, the fibre length is reduced during degradation in the
environment. For the purpose of this study, particles are regarded to have fibre shape if the length is
four times or more the diameter of the particle.

1.1. Textiles as a Source to Microplastics

The sources to microplastics in aquatic ecosystems are mainly land-based and are usually divided
into primary sources (emissions of micro-sized polymeric particles) and secondary sources (larger
sized polymer items that are broken down in the environment to microplastics) [10]. The abrasion
of synthetic textiles leads to shedding due to mechanical stress of the textile fibres and takes place
both during production [12] and use e.g., washing and drying procedures [14]. This in turn lead to
that microplastics are able to enter into the wastewater and to aquatic systems which was identified
early as one of the sources [15-17]. The importance of textiles as a microplastics source is not fully
understood, and accounts vary from textiles being the most important source, responsible for emissions
of 0.5 million tonnes of microplastics yearly [5] to textiles being only a marginal contributor [18]. In 2016
the textile world market size surpassed 100 million metric tonnes from which a high percentage of
the textile production is based on synthetic polymers (65%), whereof polyester use alone stands for
53.4 million tonnes [19]. Polyester-based materials (mainly polyethylene terephthalate (PET)) being the
main material for synthetic fabrics, is therefore a source of microplastics pollution in need of adequate
measures in production and in use of clothes and other textile end products.

With the United Nation’s sustainable development goals (SDG) [20] now being established,
several of the themes concern microplastics shedding from textiles with clear links to goals No 6
and 14 relating to clean drinking water respecting life below water. For mitigation, the issue of
microplastics pollution can be addressed via goal No 12 addressing responsible consumption and
production from raw material extraction to end of life. The issue of pollution must consequently be
managed through the supply chain of textile industry, including fabric design and production methods.
Considerations of environmental issues related to textile production and use are also well established
in legislative frameworks, and microplastics are being scrutinized by authorities worldwide [21].
The textile industry perceives its role as a contributor to the shedding of microplastics as worrying and
seeks for solutions [22,23], and are consequently dependent on ability to measure improvements.

1.2. Measuring and Analyzing Microplastics from Textiles

In early 2017, a case study exploring the dependence of microplastics shedding on textile
construction parameters was carried out [24]. The study explored how recycled content in the polyester
polymer, and how the cutting and some brushing techniques influenced the shedding from polyester
materials. In the literature search a research gap had been identified regarding the link between fabric
construction properties and microplastics shedding [25]. Six studies provided data on fibre shedding
during the washing of garments [15,25-29]. Two of the above studies explored the link between
microplastics shedding and construction of the fabrics [28,29]. The other four did not include any
details about fabric construction parameters. Browne et al. [15] aimed to clarify whether fabrics do
shed micro-sized particles and how much. Bruce et al. [25] investigated if shedding depended on
different washing conditions such as front load /top load machine. Two of the studies investigated the
impact of the use of detergent and conditioners [26,27].
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Shedding of textile fibres have both been measured in number of shed particles and as weight
of shed fibres. Analyzing the size and shape does not imply what type of material, i.e., if it stems
from a synthetic textile material or cellulose based material. In three of the six benchmark studies
the optically visible fibres were counted manually [15,28,29] which gives a size restriction to what is
optically visible for the experimenter. Browne et al. [15] had in addition an upper restriction on size
counting only particles below 1 mm. Bruce et al. [25] limited their study to particles of a specific size
by using filters with a pore size of 20 respective 333 um. As a general rule of thumb, the filter pore size
should be five times smaller than the size of the fibre intended to be filtered. Napper & Thompson [27]
counted fibres based on average weight in their study. Pirc et al. [26] reported the weight of the total
material collected on the filter, all of which was assumed to be fibres.

It was observed that the experimental set-up and analytical means differed largely between the
studies. Consequently, the results regarding the amount of shed particles also varied, from 120 [15] to
728,289 [27] particles per garment in recent studies. As none of the reviewed methods could be used
to identify whether the shedding of microplastics from different types of fabric was dependent on
construction parameters, a method was developed that fitted such purpose. The method is briefly
described in Roos et al. [24]. Further development of the method was then performed.

1.3. Existing Standard Methods for Textile Testing with Relevance for Shedding

Even though a specific test methods for microplastics shedding into the wastewater during
laundry does not yet exist, several existing test methods measure related issues, such as the
standardised method for linting, EN/ISO 9073-10:2003 [30], concerns . Here a dry textile sample
is shaken, and the shed dry fibres are counted. This is a standard method for testing textiles used for
clean room facilities.

Several standard test methods for textiles are carried out in the Gyrowash equipment, such as
colour fastness to both domestic and industrial laundering, as well as chlorinated water [31-33].
Gyrowash is standardised laundry equipment for laboratories. The washing is performed in small
sealed tubes, which leads to increased reliability as the risk for cross-contamination between test
rounds is minimized.

1.4. Aim of the Paper

This paper proposes a test method for measuring microplastics shedding occurring when washing
fabrics and garments. Such a method is needed to analyse why certain fabrics emit more microplastics
than others. Different textile fabrics need to be compared to each other to enable mitigation of these
emissions by for instance design solutions or cleaner production methods. The comparison must be on
the one hand robust (low standard deviation) and on the other hand sensitive enough to differentiate
between for example different types of synthetic materials, different weave/knit constructions or
fabrics produced with different process equipments or set-ups. Another prerequisite is the feasibility
for the method to be used at textile testing laboratories with existing equipment if possible and at a
reasonable cost, while still resembling real life condition.

In addition, the paper attempts to contribute to the development of standardised test methods
for measuring microplastics shedding from textiles. Thus, in the paper is explained the rationale
behind the choices made in each step in the method, i.e., the selection of equipment and procedure for
sample preparation, washing, filtering of the washing water and analysis of the shed microplastics.
It is also discussed which existing standard test methods that have been selected and which have
not. This discussion is intended to bring light on limitations and how the method can be modified for
other purposes.

2. Materials and Methods

The information in the studies found in the literature concerning experimental set-up was used as
benchmark for how to perform the measurements in the test method [15,25-29]. It was observed that
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the experimental set-up differed largely between the studies and the interpretation and comparison of
the results needed therefore be made carefully.

Further, it was identified that the cause to shedding of microplastics from textiles can be divided
into two main groups:

o Textiles as a generator of microplastics (the polymeric material in the textile is broken down to
micro-sized particles)

e  Textiles as a carrier of microplastics (dust and other polymeric particles as well as metal, glass and
biological material can all be present in textiles)

The main aim of the developed test method has been to identify differences in generation of
microplastics from different textiles. However, in the test method development, the fact that textiles
also act as a carrier of microplastics was needed to take into consideration. Furthermore, the resulting
test method intends to mimic a real life situation of washing of textile garments.

2.1. Identification of Causes behind Textiles Generating Microplastics

As the purpose behind the method development was to identify whether the shedding of
microplastics from different types of fabric was dependent on construction parameters, a list of
different parameters that can influence microplastics shedding in the construction of a textile product
was set up (Table 1). It was also identified that the textile product can shed both from the fabric surface
and from the edges of the fabric (Figure 1).

In the first round, polyester based materials (virgin and secondary raw material) with different
constructions were evaluated. Furthermore, validation of the method itself was performed in the
second test round using one specific material and running eight samples.

Table 1. Parameters influencing how much textiles are generating microplastics.

Parameter Examples of Values
Polymer type ! Polyester, Nylon, Acrylics
Polymer origin Virgin fossil, mechanically recycled, chemically
recycled, bio-based
Yarn size Micro-sized, medium-sized
Yarn length Filament, staple
Brightness Bright, semi-dull, dull
Twist High twist, low twist
Fabric construction, knitted Single jersey, interlock, rib nit, warp knit
Fabric construction, woven Plain weave, satin, twill
Fabric finishing, mechanical Shearing, brushing
Fabric finishing, chemical Softeners
Cutting Mechanical, laser, ultrasound
Sewing Mechanical, ultrasound
Storage Storage at the factory/store/at home
Washing Time, temperature, equipment, detergents, softeners
Drying Time, temperature, equipment

1 Only polyester (polyethylene terephthalate, PET) was tested in the study.



Sustainability 2018, 10, 2457 50f17

B. Release from edge

A.Release from surface '{
ly L/
‘\
&
107

\

Figure 1. The microplastics can either shed from the surface of the fabric (A) or from the cut edge of
the fabric (B).

2.2. Controlling for Textiles as a Carrier of Microplastics

The preparation step can be designed to remove the foreign particles from the textiles to exclude
much of the dust and other polymeric particles as well as metal, glass and biological material that
all can be present in textiles. The preparation step turned out to have a large impact on the results,
and the method development strived therefore to reduce the impact of the human factor interference.
During the development, the samples were either vacuumed, rolled with a sticky garment roll,
pre-washed (in a standard washing machine [34]) or pre-treated in a combination of the three. Further,
the samples were either cut with scissors or with an ultrasonic cutting machine to be able to differ
between microplastics that shed from the surface of the fabric or from the cut edge of the fabric
(Figure 1). A Gyrowash machine was used to mimic the mechanical stress of washing five times in
a domestic washing machine. Steel balls included within the fabric bag were used to increase the
mechanical stress.

2.3. Existing Standard Methods for Textile Testing with Relevance for Shedding

The method development was based on previous experience in standard method development
for textile testing. As far as possible, existent equipments and operating procedures were chosen in
order for the method to be feasible for practical use in the textile laboratories. Textile materials have
always a natural variation, wherefore most standard methods for textiles require several duplicates in
each test round. In the current method, four duplicates were decided on to keep costs down.

The existing standard method for linting, EN/ISO 9073-10:2003 [30], was first considered as an
alternative. However, the dry shedding was not certain to be related to wet shedding and released
load to the aquatic environment. Since impact on aquatic environments was the focus in the study,
the dry linting method was rejected.
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Next consideration regarded use of full-size washing machines or Gyrowash. Full size machine
testing do have the advantage of representing the real use scenario, however there are some serious
drawbacks. The first drawback is the cost, both regarding the equipment and the running costs.
The cost for a standardized washing machine for laboratory testing amounts to around €9000, which is
a large investment cost. Further, since duplicate tests are needed, filling the full-size washing machine
with test samples and filtering the large amount of waste water from the machine will render a large
cost for both material and staff for each single test. The most significant drawback is however that a
washing machine is impossible to clean thoroughly between test rounds. There is an obvious risk for
contamination between test rounds, and this last argument made it clear that in order to minimize
error sources and draw correct conclusions regarding microplastics occurrence in the waste water,
equipment that could be easily cleaned was needed.

Experiences among the authors from participation in the development of the test method for
colour fastness to industrial laundering ISO 105-C12 [32] were taken into account regarding the
similarity of the Gyrowash compared with full-size washing machine with regards to mechanical
stress (friction). With the older method for colour fastness to domestic and commercial laundering [33],
the fabric samples are inserted into the Gyrowash as they are. However, this method showed poor
resemblance to the conditions in industrial laundering in relation to colour fastness. To increase the
mechanical stress, the samples were instead constructed as “bags” that withheld small steel balls that
produced friction to the fabric during washing. With this construction it was found that one wash in
the Gyrowash equalled five washing in an industrial laundry (in relation to colour fastness).

The same equipment was selected for the microplastics shedding test, with some minor
modifications. The fabric samples were constructed as “bags” that withheld 25 small steel balls
instead of the original 10, to further increase the mechanical stress. In addition, the amount of washing
water was reduced in order to decrease the filtration volume and minimize error sources. In the case
study, the concentration of the detergent was first reduced compared to [32] to decrease foaming and
facilitate the filtration. Removing the detergent completely would mean that the pH would differ
between real washing conditions and the laboratory testing. The pH factor can be important for
the breakdown of the material. Thus, detergent was applied at a reduced amount in the case study.
However, in the final method, the detergent was eliminated all together as it was one of the larger
error sources.

2.4. Microscopy for Counting the Number of Microplastics

Since the purpose of the study was to count the number of microplastic particles, both the
weighting approach as well as manual counting were considered to be too uncertain and hence large
€ITor sources.

The possibility to use Scanning Electron Microscopy (SEM) for the analysis was first explored.
The advantage with SEM compared to optical microscopy would be that the material type could be
identified (type of plastics, other material etc.). The drawback of the SEM technique is that only a
small part of the filter area could be analysed per round. This would mean that the assumption would
need to be made that all microplastics are distributed evenly on the filter. The uneven distribution
of particles on the filter that could be seen with the naked eye spoke against such an assumption.
Since the purpose of the study was to count the number of microplastics, optical microscopy was
selected. However, the SEM experiments gave the important knowledge that all the particles on the
filter were not microplastics. Particles of metal, glass and humus were also present in small amounts
which fortified the conception of textiles as a carrier of particles and not only a generator.

Automatic optical microscopy is used since the end of the twentieth-century to evaluate the
number of particles present at components for the automotive and hydraulic industries. In the
standard methods for these applications the main focus is on particles of other origin than textile,
however textile fibres are a common contamination and the methods contains definitions and methods
to deal with textile fibres [35].
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It was decided to use the optical microscope Leica DM4000M with the connected software
Cleanliness Expert v4.9 (publisher: Leica Microsystems, Stockholm, Sweden). This equipment offers
the possibility to count particles in different size ranges from 5 um and larger. In addition, the software
can be set to identify particles with a certain length compared to its width. This opportunity was used
to identify particles of fibre shape. Thus, the length-width ratio (fibre aspect ratio) was in this case
set to either 10:1 or 20:1. The length is set to measure at fibres of at least 100 um so no fibres below
will be accounted for. However, particle shaped microplastics will be counted from 5 pm and above
and results are presented accordingly. The microscope counts the particles that meet certain criteria:
it must have a different colour than the filter background, as well as size and shape according to the
set criteria.

Samples with many fibres are difficult to count because of fibre crossing, i.e., that fibres crossing
each other were identified as a single particle. Further method development of the microscopy part
is therefore needed. A mean-time solution is to increase the cascade filtering so that fewer fibres are
caught in each filter and the risk for fibre crossing is reduced. Cascade filtering needs to be defined in
the results as it affects the results. In test round two, a single filter step was applied due to the fact that
this gave more robust results.

3. Results

Below is given a description of the materials and the result in the first respective second test round
and the final method description together with an overview of what modifications that is needed to fit
other purposes.

An overall scheme of the method at hand is presented in Figure 2. The main steps are pre-cleaning
of the sample fabric, cutting the sample replicas, welding fabric samples into a bag and introduction of
steel balls, washing in Gyrowash, rinsing to collect the shed fibres, and finally automatic counting of
fibres in a microscope.

Rinsing
y

\ "; ' . »
]"\ : Preparation and \(\

Washing e ‘

: o/"

Filter Analysis

Pre-Cleaning

© Swerea IVF

Figure 2. Pre-cleaning of the sample fabric, cutting the sample replicas, welding fabric samples into a
bag and introduction of steel balls, washing in Gyrowash, rinsing to collect the shed fibres, and finally
automatic counting of fibres in a microscope.
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3.1. Textile Materials for the First Round

The first round included test of different polyester (PET) based materials to identify differences
between different fabric constructions (jersey and fleece), cutting equipments (ultrasonic or mechanical
(scissor cut)) and material base (virgin or recycled), see Table 2. The textile materials were sampled
in pairs so that all parameters with a possible impact on shedding (see Table 1) were kept the same
except the parameter in focus for the testing.

Table 2. Textile materials for the first round.

Material Cutting Equipment Material for Second Round
No 13. Mechanically recycled PET tricot Ultrasonic cut
No 39. Virgin PET tricot Ultrasonic cut
No 13. Mechanically recycled PET tricot Ultrasonic cut
No 13. Mechanically recycled PET tricot Scissor cut
No 1. Recycled PET fleece (245 g) Ultrasonic cut X
No 6. Virgin PET Fleece (139 g) Ultrasonic cut

3.2. Textile Materials for the Second Round

The recycled PET fleece (material No 1) was chosen for the second round aimed at validation
of the method itself performing eight replicates to calculate mean, median and standard deviation.
The equipment needed to execute the test method is listed in Table 3.

Table 3. Materials for the final method.

Materials Comment

Test material

Fabric for 4 samples of size 17.0 x 9.0 cm 4 replicates

Equipment

Vacuum cleaner with small nozzle nozzle size 8 cm
Ultrasonic cutter or equivalent
Ultrasonic welder
Gyrowash machine (following ISO, 2010a)

Heating plate
Microscope and software Leica DM4000M with Cleanliness Expert V4.9
Auxiliaries—amount needed per test fabric, 4 replicates
25 x 4 stainless steel balls 6 mm in diameter
4 small plastic bags about 1 litre
3 glass beakers about 1 litre
1 pipette for 10 mL liquid single use

4 plastic containers (150 mL) with lid

1 thermometer
Isopropanol For rinsing of cylinders

Distilled water 1100 mL

Large tweezer

4 membrane filters with pore size 0.65 pm
1 filter holder with air suction
1 ruler
1 marker pen
1 protection coat
3 pairs of protection gloves
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3.3. Materials for the Final Method

The equipment and auxiliary materials needed to execute the final test method are listed in
Table 3.

3.4. Description of Final Method

The test method consists of six steps: (1) Pre-Cleaning, (2) Cutting, (3) Welding, (4) Washing,
(5) Rinsing, (6) Filter Analysis. The steps are described below. To avoid contamination and for safety
measures protective gloves and coats were used throughout the procedures 1 to 3 and changed in
between step 5 and 6.

3.4.1. Pre-Cleaning

The work bench is cleaned to avoid contamination. The test fabric is vacuumed three times per
side at a slow pace (approximately 15 cm/s) across the entire material.

3.4.2. Cutting

The fabric (woven or knitted fabric) is cut to 17.0 x 9.0 cm pieces using ultrasonic cutter. The fabric
pieces are then immediately stored in smaller plastic bags (one sample in each bag) to prevent
contamination. It is recommended to take four samples per test fabric.

3.4.3. Welding

The fabric pieces are folded together to make the folded size 8.5 x 9 cm. The two short sides
are welded together using ultrasonic welding machine (5 mm joint size) to construct a bag where the
non-welded fabric surface is now 8.0 x 8.0 cm. 25 steel balls per bag are first rinsed off with isopropanol
and then added to the bag before the third side is welded together and the bag is closed. The bags are
then stored immediately after welding in the same plastic bag as before to prevent contamination.

3.4.4. Washing

The Gyrowash has 8 cylinders and can handle 8 samples per wash cycle. Hence, two different
test fabrics can be washed together. The 8 cylinders belonging to the Gyrowash are cleaned with
distilled water and isopropanol prior to test of fabrics. 600 mL of distilled water is distributed into the
8 cylinders with 75 mL per cylinder.

The fabric bags belonging to test fabric number 1 are placed in the cylinders 1-4 and the fabric
bags belonging to test fabric number 2 are placed in the cylinders 5-8. The Gyrowash is preheated
to the working temperature of 40 °C. The 8 cylinders are mounted in the Gyrowash which is run for
60 min.

3.4.5. Rinsing

The cylinders are removed from the Gyrowash. The second beaker is filled with approximately
500 mL of distilled water.

Cylinder number 1 is opened and the fabric bag is removed using a tweezer. The bag is held over
the third beaker and rinsed with 10 mL distilled water x 2 on each side using a pipette. The bag is then
squeezed by hand and laid aside on a clean surface. The glove is rinsed with 20 mL of distilled water.
Then the cylinder in rinsed with 10 mL distilled water x 2 along the walls and shaken in light rotating
motion before pouring the water into the third beaker. The cylinder cover is rinsed with 10 mL distilled
water X 1. The washing water from the cylinder is then poured into a plastic container. Finally the
third beaker is also rinsed with 10 mL distilled water x 1 which is then shaken in light rotary motion
before pouring this too into the plastic container. The lid is shut and the plastic container marked with
test fabric identity and test number. The procedure is repeated for all fabric bags.
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3.4.6. Filtration and Filter Analysis

The filter is placed in the filter container. Plastic container number 1 is shaken in light rotating
motion and the wash water is poured over the filter. The plastic container is rinsed with isopropanol
and the residue is also poured over the filter. The air suction is switched on to increase the flow rate.
Isopropanol is poured along the edges of the filter system just before the liquid has passed through
(when approximately 1 mm of liquid remains).

The filters are removed from the filter container using a tweezer and these are put on drying in an
environment low in fibres, separate filter holders. The filter holders are labelled with the type of fabric,
test number, and filter type. The procedure is repeated for all filters.

The microscope with associated software is then used to calculate the number of fibres on each
individual filter. If the software used can calculate what is a fibre and not, it is necessary to manually set
what the software should define as fibre. A minimum width of 50 um is applied for fibres, together with
the condition that the length-width ratio is set to either 10 or 20. Particle shaped microplastics are
measured from 5 pm and up. The microscope gives images that are visible for the human eye and one
can look at the fibres and make assumption on if they are of the same type and if they are textile.

3.5. First Round Results

The results from the first round regarding how recycled content in the polyester polymer,
and how the cutting and some brushing techniques influence the shedding were presented briefly
in Roos et al. [24]. Table 4 shows the result, using the length-width ratio of 10:1 on the microscopic
setting, in detail including standard deviations. As mentioned above, four samples were run per each
material. At this stage of the study, detergent was used as part of the washing step in the test protocol.
The standard deviation varied from 15% to 38% in the first round with an average standard deviation
of 25%.

The measurements in the first round were performed using cascade filtering (using poor size
of 100 and 5 um) and counting the number of microplastics on each filter (below 20 or below 5 um)
except for fleece materials where only the 100 um filter was used due to clogging of the detergent.
From the results presented in Table 4 it can be seen that the difference between cutting with scissor
and using a ultra sound cutter that welds the edges make a large differences. The rest of the samples
therefore are only cu by the ultra sound equipment to avoid shedding from the edges. For recycled
polyester content in the fleece or in the tricot the results shows little difference in number of shed
fibres. Also in between the different fabric constructions fleece and tricot it is not an obvious difference.
However, the standard deviation was rather high. This was probably mainly due to that fibres got
stuck in between the cascaded filters (that were placed directly on top of each other without spacer in
between). Another high error source was the clogging of the detergent on the filters. The method was
therefore optimised for error minimization, using only one single filter and excluding the detergent to
overcome these issues. As a result, a validation of the changed method was performed.

Table 4. First round results including standard deviations using the length-width ratio of 10:1. In the
last test only one filter was used.

Filter Particle No. of No. of No. of No. of
. . . . . . . Mean SD SD
Material Size Size Particles Particles  Particles Particles (No) (No) (%)
(um) (um) Samplel Sample2 Sample3 Sample 4 ’
Recycled PET tricot 27
5 >20 279 300 209 343 283 56 19.8
>5 8781 8654 8867 10,969 9318 1104 119
100 >20 435 778 772 255 560 259 46.2

>5 2581 4372 4700 5817 4368 1342 30.7
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Filter Particle No. of No. of No. of No. of
. . . . . . . Mean SD SD
Material Size Size Particles Particles Particles Particles (No) (No) %)
(um) (um) Samplel Sample2 Sample3 Sample 4 ’
Virgin PET tricot 18
5 >20 515 369 293 316 373 100 26.7
>5 13,205 12,572 6969 10,796 10,886 2803 25.8
100 >20 1599 1517 1545 1405 1517 82 54
>5 6041 6106 7375 5143 6166 918 14.9
Ultrasonic cut Recycled PET tricot 38
5 >20 381 264 347 868 465 273 58.7
>5 10,347 5931 9114 25,078 12,618 8513 67.5
100 >20 392 353 442 511 425 68 16.1
>5 8341 9000 10,820 9305 9367 1049 11.2
Scissor cut Recycled PET tricot 33
5 >20 363 1109 458 608 635 332 52.3
>5 10,306 26,494 14,380 13,307 16,122 7127 44.2
100 >20 1367 1328 1047 1429 1293 169 13.1
>5 26,710 25,015 21,271 36482 27,370 6486 23.7
Recycled PET fleece (245 g) 18
5 >20
>5
100 >20 1934 1247 2245 1992 1855 427 23.0
>5 9336 3571 10523 4871 7075 3373 47.7
Virgin PET Fleece (139 g) 15
5 >20
>5
100 >20 2180 2012 2685 3358 2559 605 23.6
>5 15,949 7130 8848 10,027 10,489 3830 36.5
Average SD over all samples 25

3.6. Validation of Test Method

The results from the validation of the method in the second round using a recycled fleece in
polyester based material show mean, median and standard deviation (Figure 3). Eight samples of the

same textile fabric sample were analysed using the described method. The number of fibres for the
eight samples is presented in Table 5. The standard deviation in the second round was reduced to 7.7%
compared to the average standard deviation of 25% in the first round.

Table 5. Second round results including standard deviations.

Number of Fibres Each Sample

Mean

Median

STD (No)

STD (%)

582
619
635
663
671
711
713
724

650.75 656

50.38

7.7%
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Figure 3. Results of the second round (using a recycled fleece polyester) as a bar chart with standard
deviation to the left and picture from the microscope to the right.

Results from the validation of the test method at this point are best to be compared within the
same set-up and benchmarking is currently taking place to enable future comparative studies. At this
point, the method show high enough certainty with a mean value of 650 a median at 656 and a standard
deviation of 7.7%. The next step will be to optimize further and align all methods used in academia or
by industry to create a standard.

4. Discussion

The textile sector, being among the top five industries which contribute to microplastics pollution
of oceans, needs to understand the reasons for and the extent of shedding in order to take appropriate
measures. Shedding can occur at several different parts in the value chain, mainly due to mechanical
stress of the fabric or even on yarn/filament level. Abrasion during washing and drying procedures are
two main reasons for shedding, both during production and during use. In this study, diffuse emissions
to water compartments via water streams starting from domestic washing have been one important
question. Thus, the proposed analytical method has matched to that specific question in order to give
as adequate answer as possible. In addition, it is clear that reliable and quantitative test methods are
mandatory for all development of policies for requirements of analytical studies of textiles materials
impact on the environment [11].

In the presented study, two important steps are the backbone of the proposed analytical testing:

1.  Fabric preparation, and
2. Customized washing technique to simulate real-life washing.

The reason why these two steps are included is to be able to distinguish shed microplastics that
are generated from respective carried by a certain fabric. For environmental impact it does not matter
whether the microplastics are generated from the textile material or only carried by the textile material.
However, the most suitable options for mitigation depend on the cause behind the shedding, why it is
important that the method can make this distinction.

As described above it is the microplastics in the smaller size range that are difficult to capture
for the waste water treatment plants that might be of the greatest concern for the environment. To be
able to draw the desired conclusions, it was chosen to use the filter size of 0.65 pm for the final
method. Experiments were also made in the first round where two different filter sizes were used in
cascade: 5 um and 100 um. The collected microplastics could then be analysed and results reported
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separately. However, in this experimental setup the larger filter was placed directly on top of the
smaller, as equipment for setting a distance between them was missing. This gave the drawback that
particles remained at the bottom of the upper filter, and did not pass down to the second filter. Thus,
these particles were not recorded in the analysis. One single filter was therefore the only option at the
time to record all particles.

The microplastics size is important when determining the cause to the shedding.
Microplastics originating from textile fibres in the larger size range have still the fibre shape.
Microplastics in the lower size range are more difficult to determine the origin of. Textile fibres
will break down to shapes more close to spheres and look very similar to microplastics from other
sources, such as dust in the surrounding environments. However, microplastics in the lower size range,
known to be originating from mechanical stress on textiles (i.e., tumble drying), have been seen to also
have fibre shape structures [12].

The Gyrowash technology has been chosen since it is used in other standard textile testing [32,33]
and due to its capacity to in a short period of time, with minimal error sources and with minimal
material use and water resource use provide result, in comparison to for instance full-size washing
machine testing. In the current method, four replicates were used to keep costs down, apart from the
validation step that analysed 8 samples. The fabric was either woven or knitted fabrics. In principle
the same procedure can be performed using a garment, where possibly two t-shirts or similar textile
products are necessary for the four replicates.

The results show little difference in between virgin and recycled content in the fabric. Neither is
there a large difference between polyester fleece and polyester jersey. The jersey material is a knitted
product whereas the fleece is a brushed weave. However, a relatively large difference can be found
between the scissor cut material and the ultra sound cut material. It seems likely that fibres are
generated at the edges in the scissor cut material contributing to shedding.

Results from the validation of the test method at this point are best to be compared within the
same set-up and benchmarking is currently taking place to enable future comparative studies. At this
point, the method show high enough certainty with a mean value of 650 a median at 656 and a standard
deviation of 7.7%.

Method Limitations and Possible Modifications for Other Purposes

The test method claims only to give a relative measure and not an absolute measure of the amount
of shed fibres. The method does not claim to capture emissions to air which may instead use dry
methods such as ISO 9073-10:2003 [30]. Neither does it claim to work for measuring emission from
textile mills.

The method chapter has touched on the most important limitations of the method. These are:

1. The optical microscopy part implies that the method can only analyse fibres that give contrast to
the filter. Both white and coloured filters are available, but fabrics with mixed colours will be
a challenge.

2. The fibres may be crossed and therefore calculated as one. This is more likely with high particle
loads where cascade filtering can be considered as a solution.

Table 6 shows which steps in the method that can be modified to fit other purposes.

Table 6. Possible test method modifications step by step.

Test Step Possible Modifications

No pre-cleaning.

(1) Pre-Cleaning Fits the purpose of knowing what the total environmental load
of microplastics is from a textile product.
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Table 6. Cont.

Test Step Possible Modifications

Cutting with mechanical scissors.

(2) Cutting Fits the purpose of mimicking cutting in the manufacturing if

mechanical cutting is used there.

Welding protocol.

In order not to create fibre shedding from the edges of a cut

(3) Welding material, measures have to be taken. The fabric pieces are in
the proposed method folded together. The sides are welded
together using ultrasonic welding machine to construct a bag
in which steel balls are placed.

Number of washes.

The first washes release mostly the microplastics that are
generated in the manufacturing. After several washes it is
instead the microplastics generated by wear and tear that shed.

t.
(4) Washing Use of detergen

Initially, 3 g of detergent was used, however, this gave rise to
variations of the result why it has been eliminated from the
final test protocol. ! Removing the detergent completely would
mean that the pH would differ between real washing
conditions and the laboratory testing. The pH factor can be
important for the breakdown of the material.

Rinsing protocol.

In order to get accurate count of number of microplastics all
fibres in the cylinders have to be transferred to the filter.

The cylinders are here removed from the Gyrowash and each
cylinder is carefully rinsed with distilled water.

Coloured filters.
Needed if white/lightly coloured textiles should be tested.

(5) Rinsing

(6) Filter Analysis Cascade filtration

Can be used to remove large particles.

Manual investigation of particles—optical/SEM

Fits the purpose of knowing the possible origin of particles.

! Original method description: 600 mL of distilled water is added into the first glass beaker and heated to 40 °C on
the heating plate. 3 g detergent is added to the beaker with the heated distilled water and mixed with the glass
stirrer. This step is added to control the dissolution of detergent in the water and eliminate the risk that detergent
particles are counted as microplastics in the analysis. This “washing mixture” is distributed into the 8 cylinders
with 75 mL per cylinder.

5. Conclusions

This study has shown that microplastics found in the washing water from textile laundry can be
deduced to:

(A) shedding from the surface of the fabric, and
(B) shedding from the cut edge of the fabric (see Figure 1).

Furthermore, textiles act both as a generator of microplastics (the polymeric material in the textile
is broken down to micro-sized particles) but also as a carrier of microplastics (dust and other polymeric
particles as well as metal, glass and biological material were all found to be present in textiles).

In comparison to other published methods (see Section 1.2), the proposed method seem to be
efficient in limiting the measurement to the actual shedding from the textile surface. Pre-cleaning
the fabric surface with vacuum cleaning influences on the end results since the superficial dust and
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already loose fibres are removed. Further, the sample cutting step has proven to be highly important
to ensure the loss of fibres from the surface and not from the cut edges is measured. This insight is
important also for the textile industry as it shows an opportunity to mitigate microplastics emissions
at factory level when cutting the fabric prior to sewing. The choice to have steel balls inside the bag
means aligning with the standard for industry washing for colour fastness where they give mechanical
stress at a level representing five domestic washes. Finally, to reduce the human error in counting,
microscopy combined with software for automatic counting and fibre identification have been used.

The standard deviation in the validation was reduced to 7.7% compared to the average standard
deviation of 25% via some distinct improvements between first and second round. The most important
improvements were (1) exclusion of washing powder to prevent clogging of filters, and (2) using a
single filter to prevent fibres to stick between the filters (as no spacer was available).

The work presented in this paper takes into consideration the existing standardized methods for
textile testing and aims at supporting industry in their vision to measure improvements carried out in
textile production and fabric design. It is appreciated that test methods are prone to be used widely
if they are reliable, validated, as simple as possible and cheap. With the results at hand, the authors
believe that this is a promising method to measure and analyse (in a comparative manner) the efficiency
of different mitigation measures to reduce shedding of fabrics, thus reducing microplastics pollution
of the oceans.
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