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1. Introduction 
 
The threat of microplastics to the environment and human health has been highlighted in the past 
decade. It is estimated that 5 trillion plastic particles corresponding to 270,000 tons are floating in 
the world’s oceans. From which nearly 93% are considered to be at micro-scale (Zambrano et al., 
2019). Microplastics have been pointed out as potential hazards to living organism’s health by 
ingestion, inhalation, entanglement and dermal contact and/or by adsorption and transport of 
hazardous chemicals (e.g. dyes, pigments, mordants) (Dris et al., 2016; Cesa et al., 2017; Catarino 
et al., 2018). Textiles have been proven to be a well-known source of fragmented fibres (FF) when 
domestic laundry is carried out (Rios Mendoza et al., 2018). Washing of synthetic fibres has been 
scored as 7/10 degree priority of microplastics source (Cesa et al., 2017). It is estimated that more 
than one-third of the microplastics found in the world’s oceans are from textile origins (Boucher 
and Friot, 2017). 
 
Furthermore, a significant mass of FF has been found in atmospheric fall-out that could be 
generated from textile abrasion of apparel, wear and tear, or travelled from fertilised crops with 
sewage sludge containing microplastics (Dris et al., 2016). The Ellen MacArthur Foundation 
estimated that 0.5 of the 57 million tonnes (MT) fibres for clothing end up as MP ocean pollution 
through the textile washing (Ellen MacArthur Foundation, 2017), which is expected to accumulate 
at current rates to 22 MT by 2050. The nomenclature of microplastics in terms of size and 
morphology will be discussed, and a definition relevant to fibrous microplastics will be proposed. 
The introduction will briefly cover the categorisation of microplastics and the textile origin of FF 
from textile washing and abrasion. Potential environmental impacts and health hazards of FF will 
be addressed in this section as well. The objectives of this Textile Progress are: 
 

a. To summarise current methods for measurement and characterisation of FF 
released from textiles. This will include a critical discussion of published 
protocols/methods to inform future experimental work. This is particularly 
important as certain limitations in methods are likely to under/overestimate the 
amount of FF. 

b. To critically review existing studies on fragmented fibres from textiles. Current 
published literature contains clear evidence on the widespread of fragmented fibres 
from textile washing to aquatic sources and terrestrial environments by sewage 
sludge fertiliser with MP. However, this issue will also include the analysis of FF 
released into the indoor and outdoor environment through dry abrasion of textiles. 

c. To explore the impact of textile materials, structure, use and service conditions on 
the release of FF. This will include a critical comparison of experimental results 
from published studies.  



d. To review mitigation strategies to curb the release of FF. This includes, but is not 
limited to, textile finishes and structural changes, retrofit washing devices and 
washing effluent filters. 

e. To provide a summary of risks associated with FF from textiles on living organisms, 
including humans. 

 

1.1 Scope of work 

 
The topic of MP is broad and includes a vast body of research across various disciplines. This 
publication is focused on Fragmented Fibres (FF) generated and released from textiles during wet 
(predominantly washing) and dry exposure conditions. The scope of this work is to critically 
review the definition of MP and, in particular, reference to FF. The work includes a summary and 
critical review of existing methods used to generate, collect, characterise, and quantify FF released 
from textile laundry. Furthermore, the impact of textile material and structural parameters on the 
release of FF has been discussed. In the absence of a standard methodology, any direct 
comparisons are not possible. The review analysed data from different studies to prepare an 
estimated comparison. Finally, it covers a comprehensive overview of mitigation strategies to limit 
the release of FF from textile sources during laundry. A broad description of the collection of FF 
from the environment (atmospheric deposition, aquatic, and terrestrial environments) and their 
impact on the environment and human health are provided, but this is not the key focus of the 
review. The remediation of FF from wastewater treatment plants, aquatic, and terrestrial 
environments is out of the scope of the present work. However, the appropriate sections have 
signposted key literature for the relevant areas. 
 

1.2 Microplastics definition 

 
To achieve a better understanding of addressing the problems of microplastic (MP) pollution, there 
is a need to ensure a common terminology. Until now, an international definition for microplastics 
or fragmented fibre pollution has not been established; hence the terminology remains ambiguous 
(Hartmann et al., 2019). Although creating a common nomenclature could limit the scientific 
freedom to study the field, as Hartmann et al. (2019) mentioned, it is essential to tackle the 
environmental problems caused by microplastics. The definition for microplastics followed 
throughout this document is described below. Three main points regarding MP definition that have 
not been agreed upon are discussed throughout this section, including the classification by source, 
the size limits, and the materials. 
 
 
Microplastics (MP) 
 
Polymer-based material particles in size range between <5mm to 100nm, comprising 
thermoplastics as both virgin plastic resin pellets and resins blended with any additive to enhance 
the material performance (including plasticisers, colourants, processing aids, stabilisers and 
fillers); additionally, thermoset polymer materials and polymers that cannot be melt-processed 
(either natural or synthetic) are also considered within the plastic definition  (Sundt et al., 2014; 
GESAMP, 2015; Lassen et al., 2015; Andrady, 2017; Hann et al., 2018).  



 
 
 
Microplastics were first reported in 1972 in a series of two publications (Andrady, 2011; Ryan, 
2015; Hartmann et al., 2019; Laskar and Kumar, 2019). The first article studied plastic fragments 
and pellets collected in the western Sargasso Sea with a size ranging from 0.25 to 0.5 millimetres 
in diameter (Carpenter and Smith, 1972). A second publication reported an investigation of two 
different polystyrene spherules with a mean size of 0.5mm in coastal waters off southern New 
England (Carpenter et al., 1972). Even though these short publications do not include the term 
microplastics, they highlight the problem of granular plastic debris as a future concern and alert of 
environmental consequences. Additionally, it is suggested that these particles hold attachment sites 
for bacteria and polychlorinated biphenyls (PCB’s), act as a source of toxic compounds, and 
generate intestinal blockage of marine individuals (Carpenter and Smith, 1972; Carpenter et al., 
1972; Ryan, 2015). 
 
Despite the age of these publications, it was not until 2004 that the term microplastics was first 
coined by Thompson et al. (Thompson et al., 2004; Seltenrich, 2015; Hartmann et al., 2019).  
While the term is not defined, it describes microscopic fragments and fibres with typical diameters 
down to ∼20μm. The authors suggested the degradation of more oversized plastic items, clothing, 
and rope as the source of these particles, but intentional use of MP in cleaning agents was also 
mentioned.  
 

1.2.1 Primary and secondary microplastics 

 
The source of MP generation would determine their categorisation into primary and secondary 
microplastics. As well as the definition, this distinction has not been formally established, and 
variations among authors exist (GESAMP, 2015; Lassen et al., 2015). Two different approaches 
suggested in the current literature are raised below. Even though MP pollution sources remain the 
same, the assortment is different. 
 
a) Primary microplastics are defined as particles initially produced in microscopic size, typically 
added to products, or used as raw materials, directly released into the environment. In comparison, 
the fragmentation of larger plastic debris creates secondary microplastics by degradation, use, 
weathering or waste management (Thompson et al., 2004; Ryan et al., 2009; Cole et al., 2011; 
Lassen et al., 2015; GESAMP, 2015; Thompson, 2015).  
 
b) The second classification considers primary MP as intentionally produced or voluntarily added 
to the products and includes those created by degradation during the product lifecycle involving 
human activity. This includes manufacturing, use and maintenance. In contrast, secondary MP are 
only generated when degradation is caused by environmental processes such as weathering. (Sundt 
et al., 2014; Boucher and Friot, 2017). 
 
For this document, the first classification is considered as it appears to be the most common within 
published literature. Therefore, some examples of documented primary MP sources are plastic 
pellets used as supply materials in the manufacture of larger plastic items and accidental spillage 
into the environment (Browne et al., 2011; Thompson, 2015), smaller MP particles used as 



“scrubbers” in cosmetic products such as exfoliating cleansers and facial scrubs (Gregory, 1996; 
Derraik, 2002; Fendall and Sewell, 2009; Thompson, 2015), or employed in air-blast cleaning 
media and synthetic sand-blasting media (Zitko and Hanlon, 1991; Gregory, 1996; Cole et al., 
2011; Sundt et al., 2014). 
 
Secondary microplastics are generated from the degradation or fragmentation of larger plastic 
items (Lassen et al., 2015). The former may be caused by one or more environmental factors 
(biodegradation, photodegradation, thermo-oxidative degradation, thermal degradation, and 
hydrolysis; see (Barnes et al., 2009; Andrady, 2011; Cole et al., 2011)). While fragmentation is a 
consequence of the use, maintenance, and cleaning of the product (Thompson, 2015; GESAMP, 
2015). Synthetic fragmented fibres would fit into the secondary microplastics category (Andrady, 
2017). 
 
There are ongoing efforts to reduce the use of microplastics in the industry and ban them in the 
cosmetics (Thompson, 2015). A recent publication by ECHA recommended a complete ban of MP 
as infill materials by 2026 (ECHA, 2020). In this situation, secondary microplastics raise a greater 
concern since their generation cannot be stopped as it is not intentional. Additionally, they present 
higher annual emissions to surface waters (Hann et al., 2018), as seen in Figure 1. Thompson 
(2015) and GESAMP (2015); warn that even with the immediate cease of larger plastic items 
discharged into the sea, the ongoing degradation of legacy items would continue to increase 
microplastics generation for several more years. The source and fate of MP in the EU are presented 
in Figure 2. Tyres, road markings, plastic pellets, and synthetic textiles are placed as more 
significant sources of MP release among the rest of identified origins (Hann et al., 2018).  
  



 
Figure 1 Annual emissions of microplastics to surface water (upper and lower ranges).  

PCP – Personal care products 

Reprinted with permission from Hann S., et al., 2018.  Investigating options for reducing releases in the aquatic environment of 

microplastics emitted by (but not intentionally added in) products. Final Report, p.iii. Copyright 2018, Eunomia Research & 

Consulting and ICF (https://www.eunomia.co.uk/reports-tools/investigating-options-for-reducing-releases-in-the-aquatic-

environment-of-microplastics-emitted-by-products/) 

 

 
Figure 2 Source generation and fate of microplastics from wear and tear in the EU (midpoint). 

Reprinted with permission from Hann S., et al., 2018.  Investigating options for reducing releases in the aquatic environment of 

microplastics emitted by (but not intentionally added in) products. Final Report, p.iii. Copyright 2018, Eunomia Research & 

Consulting and ICF (https://www.eunomia.co.uk/reports-tools/investigating-options-for-reducing-releases-in-the-aquatic-

environment-of-microplastics-emitted-by-products/)   



1.2.2 Microplastic size limits 

 
The lack of a formal definition represents the absence of upper and lower size limits of MP 
particles. Three different proposals to address this issue are discussed as follow: 
 

a) The term “micro-litter” was defined in 2003 as “inconspicuous, fine plastic detritus with a 
size range of very fine sand to coarse silt usually found in the marine sediment. On washing 

it passes through a 500μm sieve but is retained on one at 63μm” ((Gregory and Andrady, 
2003) p.381), and cited again by Andrady, (2011) as the “barely visible particles that pass 
through a 500μm sieve but retained by a 67μm sieve (~0.06–0.5mm in diameter)” 
((Andrady, 2011) p.1597). Despite the slight variation in dimensions described by the 
author between publications, both definitions determine the size limits of the particles. 
However, subjective terms used to describe microplastics may be arguable and ambiguous. 
 

b) A more common agreement was established in 2008 after the first conference on 
microplastics pollution held by National Oceanic and Atmospheric Administration 
(NOAA) in the U.S. Attendees from 6 different countries agreed to define microplastics as 
plastic particles smaller than 5mm in diameter (Betts, 2008; Thompson, 2015). This 
definition, also published in the memorandum from the conference workshop, established 
an upper limit based on the particle size considered more likely to be ingested by marine 
individuals (Arthur et al., 2009; Hartmann et al., 2019). At the same time, the lower limit 
of 333μm is grounded on the Neuston nets used for sampling (Arthur et al., 2009; Andrady, 
2011)). Even though this definition was the first agreement on the size, it is a pragmatic 
description that lacks scientific robustness (Lassen et al., 2015; Hartmann et al., 2019). 
There is a variation of this description that considers a lower limit of 100nm in accordance 
with the definition of nanomaterials (Hartmann et al., 2019) and supported by the European 
Chemicals Agency (ECHA) (ECHA, 2020). Any plastic debris below this size could be 
considered a nano-plastic (Laskar and Kumar, 2019).  

 
c) Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection 

(GESAMP) proposed a classification model based on plastic debris sizes, summarised by 
Andrady, (2017) in Table 1, compared to size ranges recommended by the European 
Commission. Despite the suggested assortment, GESAMP has used the most common 
definition of MP previously discussed (<5mm) with a lower limit of 1nm for its 
environmental assessments (GESAMP, 2015). 

 
Table 1 Classification of plastic debris in the environment. 

Reprinted with permission from Andrady, A.L. 2017. The plastic in microplastics: A review. Marine Pollution Bulletin. 

119(1), p.15. Copyright 2017, Elsevier Ltd. DOI: 10.1016/j.marpolbul.2017.01.082. 

Class Size ranges 

GESAMP 

Visualization Technique Size ranges (MSFD GES)* 

Macroplastics 100 – 2.5cm Naked eye Visual counting > 2.5cm 
Mesoplastics 2.5cm – 0.1cm (1000μm) Naked eye or optical microscope Neuston nets or sieving 0.5cm – 2.5cm 
Microplastics 0.1cm (1000μm) to 1μm Optical microscope Microfilters < 1μm 

separation 
0.5cm (5000μm) to 1μm 

Nanoplastics < 1μm Electron microscope Nanofilters < 1μm 
* MSFD GES Technical Subgroup on Marine Litter (2013) Monitoring Guidance for Marine Litter in European Seas. Draft Report 
of European Commission. Brussels. (Van Cauwenberghe, L., et al., Microplastics in sediments: A review of techniques, occurrence 
and effects, Marine Environmental Research (2015), http://dx.doi.org/10.1016/j.marenvres.2015.06.007). 



 
The lack of consistency throughout the definition of MP has resulted in communication and 
regulation challenges and incompatibility of results among publications (Hartmann et al., 2019),  
as shown in Figure 3. This publication follows the most accepted upper size limits ≤5 millimetres 
and lower limits of 0.1μm (100nm).  

 
Figure 3 Examples of differences in the categorisation of plastic debris according to size as applied (and/or defined) in scientific 

literature and in institutional reports. It should be noted that this does not represent an exhaustive overview of all used size 

classes. Reprinted with permission from Hartmann et al., 2019. Are We Speaking the Same Language? Recommendations for a 

Definition and Categorization Framework for Plastic Debris. Environmental Science & Technology. 53(3), p.1040. Copyright 2019, 

American Chemical Society. DOI: 10.1021/acs.est.8b05297. 

1.2.3 Materials 

 
By definition, not all polymers are considered plastics regardless of their natural or synthetic origin 
(Andrady, 2017; Hartmann et al., 2019). Polymers are long chain-like structures of repeated 
molecules or chemical units (monomers) (Andrady, 2017). Within the polymers, plastics are those 
derived from oil or gas monomeric polymerisation (Cole et al., 2011) that can be melt-processed 
into products. Naturals and synthetic polymers that do not allow melt-processing are excluded 
from the plastic definition (Andrady, 2017). Consequently, fragmented particles of these items are 
not considered microplastics. In comparison, the European Parliament and Council defined plastics 
in 2006 as polymeric materials that may be enhanced with additives, excluding naturally occurring 
polymers in the environment. However, this definition has been adapted by the Directive of 2019 
to include plastics manufactured with natural polymers that were modified or those manufactured 
from bio-based, synthetic, or fossil sources. This adapted definition also comprises polymer-based 
rubber, bio-based and biodegradable plastics regardless of their derivation source (even biomass) 
or biodegradation rate (European Parliament and Council, 2019). Therefore, not only the 
physicochemical properties should be examined to enlist in the MP categorisation, but also the 
environmental hazard and biodegradability that could make them contribute as MP pollutants 
(GESAMP, 2015; Andrady, 2017). In this publication, the polymers that cannot be melt-processed 
and thermoset polymers would also be considered MP apart from thermoplastics. To further 
explore the definition of plastic, it is suggested to consult (GESAMP, 2015; GESAMP, 2016; 
Andrady, 2017). 



 

1.3 Fragmented fibres: textile generated pollution 

 
The first report of textile fibre debris in the ocean was published after filtering water samples from 
the English Channel in 1954. Natural materials such as manila, coir and jute from rope or twine 
were found (Atkins et al., 1954). The first regenerated fibre fragments from cellulose fibrous 
material were detected in microscopic examinations of North East Pacific Ocean water samples 
six years later (McAllister et al., 1960). In comparison, the first report of synthetic fibres in the sea 
comes from 1971. Plankton samples in the Northumberland coast presented synthetic fibres 
impurities in alarming proportions, attributed to textile origins (Buchanan, 1971). The author 
suggested an increase in this material in the last decade due to synthetic marine cordage and 
netting. Even though sizes are not determined in the research, Buchanan (1971) alarms on the 
proportions and future growth of this debris at sea. These publications are vital to understanding 
textile fibres' background and evolution as marine pollutants and their leap between natural and 
synthetic materials.  
 
Synthetic apparel has been widely proven to be a source of microplastics during the lifecycle of 
the products in dry and wet state (Browne et al., 2011; Pirc et al., 2016; Hernandez et al., 2017; 
Rios Mendoza et al., 2018; Zambrano et al., 2019; De Falco et al., 2020; Cai et al., 2020). Browne 
et al., (2011) first identified laundry as a source of microplastic fibre pollution (Pirc et al., 2016) 
created by mechanical and, or chemical actions in wet conditions and thermo- and photo-oxidation 
of the polymers (Singh et al., 2020). Adhering to the conventional description of plastics, only 
fibres of synthetic origin could be considered MP. However, not only synthetic textiles release 
fibres that could endanger the environment and potentially human health (Ladewig et al., 2015). 
Besides, it is essential to note that fibres possess a high ratio of length to thickness (Tasneem, 
2018), and the proposed definition of MP could mislead the categorisation of fibrous debris as the 
mean diameter of the cross-section for most textile fibres is around 10 to 20μm (Cesa et al., 2017). 
This is highly relevant as chemical effects are aggravated by smaller particle sizes (Stanton et al., 
2019; Singh et al., 2020). 
 
A more inclusive term is required to describe this micro-debris from synthetic or other polymeric 
textile materials. Published literature refers to these specific particles as “microfibres” owing to 
their textile origin (Napper and Thompson, 2016; Hartline et al., 2016; Pirc et al., 2016; Cesa et 
al., 2017; Carney Almroth et al., 2018; Hann et al., 2018; De Falco et al., 2020). However, the 
textile industry commonly defines microfibres as fibre material finer than one denier or decitex 
and with a cross-section smaller than 10μm (Zambrano et al., 2019). So, for this study, the term 
Fragmented Fibres (FF) is suggested to define all fibrous masses released from any textile material, 
and it is described below. 
 
Fragmented Fibres (FF), a sub-class of microplastics, can be defined as polymer-based materials 
created during the manufacturing, and/or use, and/or service of textile materials/products. The 
materials include any extruded polymer (synthetic or regenerated) and naturally occurring textile 
fibres. The size range for these particles fits the common classification of MP as all common textile 
fibres (the building block of textile fabrics) are ≤100µm (more commonly 10-20 µm) in diameter. 
The fragments with any dimension less than 100nm would be categorised as Fragmented 
Nanofibres. 



 
Textile debris comprises a majority of anthropogenic particles found in the environment (Wright 
and Kelly, 2017; Gago et al., 2018; Athey et al., 2020) and is considered to be one of the most 
pervasive and enduring pollutants globally (Singh et al., 2020). Natural fibres (processed from 
plants and animal fibres) and regenerated or semi-synthetic fibres (extruded from dissolved 
cellulose and derivates) (Stanton et al., 2019) are polymers, if not plastics, that act as 
environmental and human health hazards (Ladewig et al., 2015). Natural and extruded (synthetic 
and regenerated) fibre production involves dangerous processes that modify the materials with 
chemical treatments and additives (Lacasse and Baumann, 2004; Ladewig et al., 2015; Stanton et 
al., 2019; Athey et al., 2020), which may be released into the environment as they are not 
chemically bonded to the polymer matrix (Wright and Kelly, 2017). 
 
Even though natural FF have been placed as dominant (93.8%) in freshwater and airborne samples, 
their environmental consequences are just beginning to be studied (Stanton et al., 2019). Cotton, 
one of the most popular fibres in clothing applications (Ellen MacArthur Foundation, 2017), has 
been reported to be ubiquitously found (De Falco et al., 2020). A recent study on indigo denim 
cotton FF found these cellulose fibres in remote regions sediments. This is an indicator of the long-
lasting polymer duration, enough to reach long-range transportation and endanger the biota (Athey 
et al., 2020). Cotton biodegradation in aquatic environments has not been wholly established 
(Ladewig et al., 2015). While some studies suggest slow decomposition in hostile environment 
conditions (Chen and Jakes, 2001; Andrady, 2017), others hypothesise a similar degradation rate 
compared to aerobic degradation standards (Ladewig et al., 2015; Zambrano et al., 2019). In either 
case, this could have a negative environmental impact acting as a carrier for hazardous chemicals 
attached/embedded in the fibre. The ecological effects of FF, mainly focused on synthetics, are 
further discussed in section 6 of the document. 

  



2. Current Methods for quantification and characterisation of FF from 

wet and dry routes 
 
The reported methodologies to generate, filter, collect and measure FF in wet and dry states lack 
consistency owing to the absence of standardised methods. The methods employed in the 
published peer-reviewed studies have been critically evaluated to act as a guide for future work on 
the development of methodology and best practices for experimental work. This section describes 
the protocols proposed in publications focused mainly on FF released from laundry processes. It 
has been divided into six subsections covering the most critical aspects of the experimental laundry 
methodology. This includes textile sampling, washing devices, filtration processes, quantification, 
measurement, and estimated number of FF. Also, a final subsection is dedicated to studying FF 
collected in dry conditions. 
 

2.1 Textile sampling 

 

2.1.1 Sampling source 

 
Textiles tested in published literature can be mainly categorised into two groups according to their 
source. Firstly, commercially available textiles, including garments (shirts, sweaters, jeans, and 
jackets), linen (sheets and blankets), and fabrics, acquired directly from the market or obtained 
through a textile company for performance analysis. Secondly, bespoke textile samples that have 
been manufactured by a research institution or a commercial textile company, following the 
specifics for examination. Nearly 80% of analysed literature employed commercial textile 
samples. It is pertinent to mention that limitations in this category include the lack of detailed 
material, history and textile structure properties (Browne et al., 2011; Folkö, 2015; Napper and 
Thompson, 2016; Pirc et al., 2016; Jönsson et al., 2018), insufficient information to provide a 
detailed technical description of textiles (Hartline et al., 2016; Sillanpää and Sainio, 2017; Volgare 
et al., 2021), direct comparison of samples regardless differences in textile properties such as 
woven and knitted textiles created with different yarn structures (Sillanpää and Sainio, 2017; De 
Falco, Gullo, et al., 2018; Belzagui et al., 2019; Cai et al., 2020), comparison of staple and filament 
yarns from different materials (Cesa et al., 2020), and evaluation of similar fabric and yarn 
structure from different fibre type (Zambrano et al., 2019). Some of the studies have provided a 
detailed description of textile structures and yarn specifications (Hernandez et al., 2017; Carney 
Almroth et al., 2018; De Falco, Gullo, et al., 2018; Yang et al., 2019; Cesa et al., 2020; De Falco 
et al., 2020; Cai et al., 2020).  
 
The bespoke sampling category includes comparison of the same textile structure but different 
materials (Carney Almroth et al., 2018; Özkan and Gündoğdu, 2021; Palacios-Marín et al., 2022), 
or different yarn structures (Zambrano et al., 2019; Palacios-Marín et al., 2022). The limitations in 
this category may include an inaccurate representation of the actual manufacturing procedures 
employed in the textile industry and consumer applications. Other than these two main categories, 
some studies collect FF from fieldwork sampling obtained through dry and wet routes. The first 
may be done by collecting FF from atmospheric depositions (Dris et al., 2016; Stanton et al., 2019) 
or within indoor environments (De Falco et al., 2020; Q. Zhang et al., 2020). While the latter is 
acquired from reference sites (surface water and sediments) of aquatic ecosystems such as lakes 



and rivers, in addition to wastewater treatment plants (WWTP) effluent (Browne et al., 2011; 
Stanton et al., 2019; Athey et al., 2020), or consumed by aquatic fauna (Athey et al., 2020; Parton 
et al., 2020).   For robust experimental studies and inter-study comparisons, there is a dire need to 
provide explicit material and structural properties and the processing history of samples. 
Furthermore, it is essential to test materials and structures which are representative of the global 
fibre mix and common applications.  
 

2.1.2 Sampling size 

 
Sampling sizes have been selected depending on the chosen washing equipment and the aims for 
individual research studies. The simulated laundry experiments work with reduced sample sizes 
that fit into the washing devices regardless of the source or material of the textile sample,  
(Hernandez et al., 2017; Carney Almroth et al., 2018; De Falco, Gullo, et al., 2018; Jönsson et al., 
2018; Zambrano et al., 2019; Haap et al., 2019; Kelly et al., 2019; Cai et al., 2020; Özkan and 
Gündoğdu, 2021; Palacios-Marín et al., 2022). Since a standard procedure for this experiment has 
not been defined, some publications select the sampling size following commercial laundering or 
colour fastness standards with minor variations (Carney Almroth et al., 2018; De Falco, Gullo, et 
al., 2018; Zambrano et al., 2019; Haap et al., 2019; Cai et al., 2020). Correspondingly, most full-
size washing machine testing use garments in their as-bought size (Browne et al., 2011; Folkö, 
2015; Hartline et al., 2016; Pirc et al., 2016; Sillanpää and Sainio, 2017; Belzagui et al., 2019; 
Zambrano et al., 2019; Kelly et al., 2019; Fontana, 2020; Cesa et al., 2020; De Falco et al., 2020; 
Galvão et al., 2020; Athey et al., 2020; Volgare et al., 2021). However, results from different sizes 
may not always be comparable since they are presented in different units, as discussed further in 
section 3.1.1. 
 

2.1.3 Sampling edges 

 
The securing of sample edges is particularly important for simulated washing as samples are small 
and cut edges can significantly increase the amount of FF release. The process selected for cutting 
the sample edge impact the amount of FF released when laundering (Cai et al., 2020). Industrial 
techniques that resemble commercial garments manufacturing such as overlocker stitched, simple 
or double sewn, hemmed fabric, or a combination of these methods may be preferred (Napper and 
Thompson, 2016; Hernandez et al., 2017; De Falco, Gullo, et al., 2018; Zambrano et al., 2019; 
Yang et al., 2019). Furthermore, other approaches have been applied to minimise the FF release 
from the cut edges, include laser welding (Carney Almroth et al., 2018; Kelly et al., 2019), 
ultrasonic welding (Jönsson et al., 2018), and glue (Haap et al., 2019). Laser welding and ultrasonic 
welding are only limited to thermoplastic materials. 
 

2.1.4 Textile material and structure 

 
The textile structure can be studied in a hierarchical approach (Figure 4). On a macro level, the 
fabric is affected by its architecture and composition of subsequent levels, the yarn and fibre. The 
yarn is affected by fibre packing fraction, fibre orientation and fibre architecture, including inter-
fibre friction. Finally, fibre is affected on a micro-level by persistent dislocating movements that 
provoke small fractures (Militky and Ibrahim, 2009). This understanding is essential to elucidate 



the effect of textile structure in the release of FF. Even though some authors have provided 
exhaustive information regarding textile structures tested (Cesa et al., 2020; De Falco et al., 2020; 
Cai et al., 2020; Özkan and Gündoğdu, 2021; Palacios-Marín et al., 2022), fibre and yarn level 
details are not always included (Browne et al., 2011; Folkö, 2015; Napper and Thompson, 2016; 
Pirc et al., 2016). It is vital to provide fibre, yarn, and fabric details (structure, chemical processing, 
finishing) to allow inter-study comparison of results.  
 

 
Figure 4 Hierarchical approach of textile structure. (Author). 

a) Macro-level: Fabric constructed by the intertwining of yarns. 

 b) Meso-level: Yarns formed by fibre twisting. 

c) Micro-level: individual fibres. 

 
The majority of published literature reported Fourier-transform infrared spectroscopy (FTIR) 
along with a spectral database to identify the polymer material of recovered FF (Browne et al., 
2011; Dris et al., 2016; Napper and Thompson, 2016; De Falco, Gullo, et al., 2018; Stanton et al., 
2019; Yang et al., 2019; Fontana, 2020; Cesa et al., 2020; De Falco et al., 2020; Cai et al., 2020; 
Q. Zhang et al., 2020). Besides, scanning electron microscope (SEM) images are employed to 
differentiate between natural and manufactured fibres (Haap et al., 2019; Athey et al., 2020). Since 
the study of FF pollution is derived from the microplastic investigation, synthetic fibres are mainly 
studied. As a result, there is a paucity of studies on natural and regenerated textile materials 
(Napper and Thompson, 2016; Sillanpää and Sainio, 2017; Stanton et al., 2019; Zambrano et al., 
2019; Yang et al., 2019; Cesa et al., 2020; De Falco et al., 2020; Galvão et al., 2020).  
 

2.2 Washing equipment 

 
Washing equipment employed in laundering experiments may be sorted into two groups: simulated 
washing devices and commercial laundry machines. The former equipment (Figure 5) is 
constructed to mimic household washing conditions (Carney Almroth et al., 2018; James Heal, 
2021).  The benefits of this method include full controlled and standardised washing conditions 
such as temperature, water volume, cycle duration, washing rate, and mechanical stress. In 
contrast, shortcomings involve limited sample sizing, unrealistic washing conditions, and the 
unfeasibility of running a complete washing cycle that includes rinsing. 
 



 
Figure 5 GyroWash device, an example of a simulated washing machine. 

Copyright 2021, James Heal.  [Online image] Retrieved from https://www.james-heal.co.uk (Accessed 21 Feb. 2022).  

 
The consumer laundry devices include front-load and top-load washing machines. The main 
differences between the equipment are the agitator's position (vertical for top-load and horizontal 
for front-load) and the water volume demanded. Even though both devices present similar 
procedures for the washing cycle, they are compared in published literature (Hartline et al., 2016). 
Some other devices such as Pulsator, Platen (Yang et al., 2019) and Vortex (Athey et al., 2020) 
washing machines are also studied. The advantages of this method include realistic washing 
conditions, full garments sampling and improved analysis of the laundry cycle followed by 
consumers. In contrast, disadvantages comprise a challenging filtration method due to the high 
effluent volume and uncertainty on the specific washing conditions. Only few literature correlates 
the results between laboratory-scale and consumer laundry devices regarding FF (De Falco, Gullo, 
et al., 2018). 
 

2.3 Filtration devices and procedures 

 
Most studies employ a filtration procedure to collect FF. There is a wide variety of filtration setups 
and techniques used within the published methodology. The selection of the filtration device 
depends upon the washing equipment and the water volume to be filtered. For full-scale laundry 
machines, entire effluent released after washing was filtered and studied (Browne et al., 2011; 
Napper and Thompson, 2016; Fontana, 2020), or collected FF are redispersed in beakers for further 
analysis (Zambrano et al., 2019). Another approach consists of collecting wastewater in barrels, 
and subsamples are filtered to analyse a representative portion of the effluent (Folkö, 2015; 
Hartline et al., 2016; Sillanpää and Sainio, 2017). Custom-built filtration assemblies have been 
proposed as an alternative to the FF collection (Pirc et al., 2016; Hernandez et al., 2017), for 
instance, a multi-step filtration device (De Falco et al., 2020; Volgare et al., 2021). Finally, reduced 
volume filtration samples, including most of the simulated washing experimental, and subsamples 
of commercial laundry effluent employ a vacuum pump filtration assembly consisting of a 
filtration holder with a glass collection beaker attached to a vacuum pump to accelerate the process 



(Carney Almroth et al., 2018; Jönsson et al., 2018; Galvão et al., 2020; Özkan and Gündoğdu, 
2021).  
 
A filter or sieve is employed for FF collection, and in the reported studies, the filter pore size varies 
from 0.2μm (Haap et al., 2019) to 500μm (Cesa et al., 2020) in published literature. As discussed 
in section 1.3, the predominant FF diameter cross-section range is 10-20μm (Cesa et al., 2017). 
Therefore, fibres may longitudinally escape through the filter where pores are bigger than FF 
diameter (Yang et al., 2019), and filters may not collect the totality of released FF and 
underestimate the FF release. The filter includes paper filters (Browne et al., 2011), nylon mesh 
(Folkö, 2015; Hartline et al., 2016), stainless steel filter (Pirc et al., 2016), glass microfibre filter 
(Zambrano et al., 2019) and nitrocellulose membrane filters (Galvão et al., 2020). An alternative 
to filtration procedures is the analysis of particles while still in the effluent. Literature suggests the 
Dynamic Image Analysis (DIA) (Haap et al., 2019), nanoparticle tracking (Hernandez et al., 2019) 
and fibre quality analyser (Zambrano et al., 2019) tools. The use of filters has limitations as MP 
(and FF) are predominantly present in air and water, which can impact the results. The use of blank 
runs and established protocols is essential to achieve reliable estimates. This is particularly more 
important in using simulated washing equipment where only a small mass of the material is tested.  
 

2.4 Characterisation techniques 

2.4.1 Material identification 

 
The material characterisation of recovered FF after filtration processes correlates these particles to 
their textile origin. Most of the literature that analyses FF after washing processes prefer infrared 
spectroscopy (IR) and infrared spectroscopy microscopy as leading techniques for MP and FF 
identification (PerkinElmer, 2021). Fourier Transform Infrared Spectroscopy (FT-IR) is a 
technique that obtains the infrared spectrum of emission or absorption of the material, and it is also 
helpful to detect material contaminants such as additives and organic or biological coatings 
adhered to the surface of the particles (Deena Titus et al., 2019; PerkinElmer, 2021). The results 
of the material infrared spectrum can be compared against spectral libraries or databases of 
polymers and textile polymers for identification (PerkinElmer, 2021). 
 
FT-IR technique and micro FT-IR are widely used in literature to analyse FF collected after 
washing and contamination on samples (see (Browne et al., 2011; Napper and Thompson, 2016; 
Pirc et al., 2016; De Falco, Gullo, et al., 2018; Stanton et al., 2019; Yang et al., 2019; Hernandez 
et al., 2019; Fontana, 2020; Cesa et al., 2020; De Falco et al., 2020; Cai et al., 2020)). FF generated 
in washing procedures in laboratory-controlled conditions usually do not require any extra 
cleaning step before characterisation. However, those FF and MP collected in wastewater, 
sediments, or ingested by animals may need extensive cleaning processes for particle isolation 
(PerkinElmer, 2021).  
 
FF recovered in filters after laundry can be analysed without removing them from the collection 
filter. Nevertheless, the filter specifications affect the IR analysis. For instance, the material can 
mask the absorption of the particle because it absorbs part of the spectrum as well. The size will 
decide the sample capacity and duration of the assessment, and the filter pore size will determine 
the particle size retained (PerkinElmer, 2021). Several filters are currently available for filtration 
and later IR analysis, including glass fibre filters, gold and silver coated filters, silicon filters, and 



others. The compatibility of the filter with the FT-IR analysis mode and the particle size can be 
consulted in (PerkinElmer, 2021), where an in-depth assessment of filter type was performed for 
optimum results of MP characterisation. 
 

2.4.2 Quantification methods 

 
The published literature has proposed different approaches to quantify the amount of released FF. 
The most common is a gravimetric approach, where an analytical balance or a microbalance is 
employed to measure the increase in filter mass. The results may be presented in simple units such 
as milligrams (Hartline et al., 2016; Napper and Thompson, 2016; Sillanpää and Sainio, 2017; 
Kelly et al., 2019; Cesa et al., 2020; Palacios-Marín et al., 2022), or they may be expressed as a 
percentage of the weight they represent over the initial sample weight (Pirc et al., 2016; Zambrano 
et al., 2019), per kilogram of square metre of textile (Yang et al., 2019), or litre of effluent (Folkö, 
2015). In another approach, the mass was calculated with a mathematical formula that considers 
the number of released fibres, the fibre average diameter or volume, and the mean density of the 
polymer (Hernandez et al., 2017; De Falco, Gullo, et al., 2018; Yang et al., 2019; De Falco et al., 
2020; Cai et al., 2020; Volgare et al., 2021) or average FF length and yarn count (Belzagui et al., 
2019). The average measurements are obtained by running laboratory tests or published standard 
values. A different methodology calculates recovered FF mass by colour assessment. Effluent with 
known mass values of FF was subjected to image colour analysis to create a comparative scale. 
The colour measurement change depending on the fibre concentration. Then, the colour of the 
recovered laundry effluent is analysed to estimate the mass of fragmented fibres in the solution 
(Kelly et al., 2019).  
 

2.5 Estimated number of FF released per laundry cycle 

 
A high number of methods has been proposed within published literature to quantify the release 
of FF from dry and wet routes. The most representative systems are listed below. 
 

1) Individual counting of entire recovered FF collected in the filter by image analysis (Dris et 
al., 2015; Dris et al., 2016; Dris et al., 2017; Hernandez et al., 2017; Cai et al., 2017; 
Jönsson et al., 2018; Stanton et al., 2019; Allen et al., 2019; Klein and Fischer, 2019; Cai 
et al., 2020; Athey et al., 2020; Nematollahi et al., 2022; Abbasi et al., 2022). 

2) Quantify FF within a representative segment of the filter area to obtain an average result. 
The mean value is then multiplied by the total segment number for estimation of the entire 
FF released (Sillanpää and Sainio, 2017; Carney Almroth et al., 2018; De Falco, Gullo, et 
al., 2018; Abbasi et al., 2019; Yang et al., 2019; Q. Zhang et al., 2020; Galvão et al., 2020; 
Özkan and Gündoğdu, 2021). A variation of this method considers a subsample of the 
effluent and multiplies it by the total volume of the wastewater (Hernandez et al., 2019). 

3) The estimated FF number is formulated by dividing the total volume of FF collected from 
shedding between the mean volume of one fragmented fibre (Napper and Thompson, 2016; 
Cesa et al., 2020). 

4) The number of FF particles is calculated from the gravimetric results. Mass value is divided 
between yarn count and average FF length (Pirc et al., 2016; Belzagui et al., 2019; Kelly 
et al., 2019; De Falco et al., 2020; Volgare et al., 2021; Palacios-Marín et al., 2022). 



5) Automatic image quantification of FF suspended in the effluent with support of a 
specialised image analysis device and software (Zambrano et al., 2019; Haap et al., 2019). 

 

2.6 Length distribution profile 

 
Length distribution profile may be obtained by following an automated (Jönsson et al., 2018), 
semi-automated (Cai et al., 2020), or manual approach (Hernandez et al., 2017). The three methods 
require imaging recovered FF on a microscope or an image analysis device for further assessment 
with graphic software. The difference between the methods is the FF tracking procedure. The 
manual approach involves manual counting of FF and drawing on top of the fibres, following their 
shape to analyse their length (Hernandez et al., 2017; Palacios-Marín, 2019; Palacios-Marín et al., 
2022) (see Figure 6). While the semi-automated manner only requires the selection of the starting 
and endpoints of each fibre for automatic counting and length measurement (Cai et al., 2020). 
Finally, the automated analysis does not need manual intervention for fibre counting and fibre 
length distribution (Jönsson et al., 2018). 
 

 
Figure 6 Image of recovered FF, drawn on top, for a manual approach tracking procedure. (Palacios-Marín, 2019).  

 
Devices for these procedures include light microscope (Napper and Thompson, 2016; Carney 
Almroth et al., 2018; Yang et al., 2019), stereo microscope (Folkö, 2015; Galvão et al., 2020; 
Athey et al., 2020), digital cameras (Hartline et al., 2016; Cai et al., 2020), scanning electron 
microscope (De Falco, Gullo, et al., 2018; Hernandez et al., 2019; Fontana, 2020), and dynamic 
image analysis (Haap et al., 2019). Measurements are done with the support of graphic analytical 
software such as Image J, (Hartline et al., 2016; Napper and Thompson, 2016; Hernandez et al., 
2017; De Falco, Gullo, et al., 2018; Haap et al., 2019; Hernandez et al., 2019; Fontana, 2020; 



Özkan and Gündoğdu, 2021). Either totality of FF released is measured (Hernandez et al., 2017), 
or an average is calculated after analysing a representative sample (De Falco, Gullo, et al., 2018; 
Belzagui et al., 2019; Cesa et al., 2020).  
 

2.7 Methods for FF collection in dry conditions 

 
Fewer studies to investigate the generation and collection of FF through dry routes are conducted. 
The MP (and FF) studies can be classified into two groups. The collection of MP/FF from 
atmospheric fallout in open places (Dris et al., 2015; Dris et al., 2016; Dris et al., 2017; Cai et al., 
2017; Abbasi et al., 2019; Allen et al., 2019; Stanton et al., 2019; Liu et al., 2019; Klein and 
Fischer, 2019; Abbasi et al., 2022) and studies of MP/FF from indoor environments (Dris et al., 
2017; Q. Zhang et al., 2020; Nematollahi et al., 2022). Most of the mentioned studies comprise an 
extensive investigation of MP in any shape, such as spheres and films, and they include the analysis 
of fibres (Dris et al., 2015; Cai et al., 2017; Abbasi et al., 2019; Allen et al., 2019; Liu et al., 2019; 
Klein and Fischer, 2019; Nematollahi et al., 2022; Abbasi et al., 2022). A minor number of studies 
are focused merely on FF from any material in atmospheric or indoor deposition (Dris et al., 2016; 
Dris et al., 2017; Stanton et al., 2019).  
 
Both groups present different methodologies to capture particles. The most common of them is the 
air deposition of debris in containers. For instance, the use of a funnel attached to a container 
installed in a selected open site to collect fallout depositions for a set time duration. Then, the 
funnel is rinsed with distilled water, and the effluent is collected and filtered for further analysis 
(Dris et al., 2015; Dris et al., 2016; Cai et al., 2017; Allen et al., 2019; Stanton et al., 2019; Klein 
and Fischer, 2019). A variation of this method for indoor spaces was presented by (Q. Zhang et 
al., 2020), using a stainless steel basin to collect FF for further filtration and analysis. Another 
employed methodologies comprise the retrieval of settled dust particles from vehicles (Abbasi et 
al., 2022) or horizontal flat surfaces in classrooms (Nematollahi et al., 2022), the direct filtration 
of air assisted by a device, such as an air-pump (Dris et al., 2017), an ambient filter sampler (Abbasi 
et al., 2019), and a total suspended particle sampler (Liu et al., 2019). The height of the air filtration 
device employed to collect MP/FF  will affect the type and amount of collected particles (Liu et 
al., 2019) and are recorded in each investigation. 
 
In addition, (De Falco et al., 2020) conducted experimental research to generate and collect FF 
from the wear and tear of garments. Volunteers wearing sample garments performed selected 
movements for 20 minutes in a closed and cleaned room. The floor was covered with cardboard, 
and Petri dishes with dampened filters were placed in the room to collect released FF. Table 4 
present a more detailed comparison of MP/FF indoor and outdoor studies and their results. 
 
Image analysis was performed as part of the studies with the support of a stereomicroscope (Dris 
et al., 2015; Dris et al., 2016; Dris et al., 2017; Allen et al., 2019; Stanton et al., 2019; Liu et al., 
2019; Q. Zhang et al., 2020), a light microscope (Abbasi et al., 2019; De Falco et al., 2020; 
Nematollahi et al., 2022), a fluorescence microscope (Abbasi et al., 2019; Klein and Fischer, 
2019), or a scanning electron microscope (Nematollahi et al., 2022; Abbasi et al., 2022). Finally, 
particle identification was performed with 𝜇-FTIR (Dris et al., 2016; Dris et al., 2017; Cai et al., 
2017; Stanton et al., 2019; Liu et al., 2019; De Falco et al., 2020; Q. Zhang et al., 2020) or 𝜇-



Raman spectroscopy (Allen et al., 2019; Klein and Fischer, 2019; Nematollahi et al., 2022; Abbasi 
et al., 2022). Fibre quantification followed the described methodology in sections 2.3 to 2.6. 
 
To further understand the role of microplastics and fragmented fibres as a source of atmospheric 
contamination and their potential impact on the environment and human health, please consult 
(Dris et al., 2016; Gasperi et al., 2018; Y. Zhang et al., 2020; Q. Zhang et al., 2020; Akanyange et 
al., 2021; Abbasi et al., 2022). 
 

3. Critical analysis of findings from quantification and characterisation 

of FF 
 
Microplastic pollution into aquatic environments from textiles has been widely reported in 
published literature. A critical review of existing experimental studies has been included in this 
section. Additionally, FF release to the atmosphere after clothing wearing is also considered, which 
apparently is underestimated due to the small number of published studies.  
 

3.1 Release of FF from wet routes (textile laundering) 

 
Regardless of the differences in methodology used in publications, the release of FF in washing 
effluent is well established. A study reports a correlation between FF in sewage effluent from 
WWTPs and those found in sediments, indicating laundry processes as a pathway for FF to reach 
the environment (Browne et al., 2011). In the absence of a standard approach to quantify MP (and 
FF), understandably, there are variations in the obtained results, but there are specific common 
findings. Generally, a higher release of FF is reported in the first washing cycle (Hernandez et al., 
2017; Sillanpää and Sainio, 2017; Carney Almroth et al., 2018; Kelly et al., 2019; Özkan and 
Gündoğdu, 2021; Palacios-Marín et al., 2022) or a significant proportion of FF are collected up to 
the third washing cycle (Folkö, 2015; Cesa et al., 2020). These findings are associated to FF 
generated due to existing fibre damage during manufacturing processes (Belzagui et al., 2019) and 
present in the garments before washing (Cai et al., 2020). Besides a decrease in FF shedding for 
subsequent cycles until results reach a plateau was reported (Folkö, 2015; Napper and Thompson, 
2016; Pirc et al., 2016; Belzagui et al., 2019; Zambrano et al., 2019; Cesa et al., 2020; Cai et al., 
2020; Özkan and Gündoğdu, 2021). On the other hand, some studies report no significant 
difference in FF collected over repeated washing cycles (Hartline et al., 2016; Hernandez et al., 
2017; Fontana, 2020). This trend could be associated with a pre-washing process (Hernandez et 
al., 2017; Fontana, 2020), where existing FF (presumably from manufacturing) could already have 
been removed.  The introduction of a pre-wash or cleaning process before washing cycles 
decreases FF shedding (Napper and Thompson, 2016; Zambrano et al., 2019; Özkan and 
Gündoğdu, 2021). This is further discussed in section 4.2.1.  
 
The published literature correlates FF shedding to several variables, including physicochemical 
properties of the material, fibre, yarn and fabric structure (Hernandez et al., 2017), and mechanical 
and chemical stresses created during washing (De Falco, Gullo, et al., 2018). The higher increase 
reported in the first wash may be associated with the mechanical and chemical stress that fibres 
carry through manufacturing processes (Hernandez et al., 2017; Belzagui et al., 2019; Cai et al., 



2020). Fibres and yarns are exposed to fibre-fibre and fibre-metal friction when manufactured 
(Militky and Ibrahim, 2009; Özkan and Gündoğdu, 2021). A single fibre may experience over 10 
million contacts with metallic parts during yarn spinning (Elmogahzy, 2008) and get damaged. 
Figure 7 illustrates an example of fibre damage after rotor spinning. 
 
Fibre damage is produced as a result of the loading and unloading effect during the circulation 
flow of the yarn spinning (Militky and Ibrahim, 2009), which generate short fibres that will be 
embedded in the yarn during spinning and released through laundry processes (Hernandez et al., 
2017). The short fibres move through their neighbouring fibres by fibre migration, which is 
promoted by the high tensioned forces and a cyclic interchange of position that fibres complete 
through the twist insertion process during yarn manufacturing (Klein, 1987; Tyagi, 2010; Özkan 
and Gündoğdu, 2021). Fibre migration is affected by the spinning method selected to manufacture 
the yarns (Tyagi, 2010). Generally, short, coarse, and stiffer fibres move from the core to the 
surface of the yarn, while long, fine, and flexible fibres move from the surface to the core (Tyagi, 
2010; Özkan and Gündoğdu, 2021). The different migration behaviour between short and long 
fibres may explain the washing results reported in the literature. For instance, the higher release of 
FF from the first washing cycle in comparison with the rest of the cycles reported by (Hernandez 
et al., 2017; Sillanpää and Sainio, 2017; Carney Almroth et al., 2018; Kelly et al., 2019; Özkan 
and Gündoğdu, 2021; Palacios-Marín et al., 2022), may correspond to the detachment of the 
shortest surface fibres (Cai et al., 2020). While the steady discharge results reported in subsequent 
washing cycles (Folkö, 2015; Napper and Thompson, 2016; Pirc et al., 2016; Belzagui et al., 2019; 
Zambrano et al., 2019; Cesa et al., 2020; Cai et al., 2020; Özkan and Gündoğdu, 2021) can be a 
consequence of the slow-release dynamic of the longer fibres that are immersed in the core of the 
yarn. It is essential to consider that mass from initial washing cycles may include the remains of 
chemical substances used for manufacturing processes that involve dyes or finishes (Cesa et al., 
2020) and may not be eliminated even with a pre-wash process. 
 

 
Figure 7 Image damage after rotor spinning.  

SEM images: a) raw cotton, b) crack due to rotor spinning c) folds due to rotor spinning  

From Effect of textile processing on fatigue (p. 152), by Militky, J. and Ibrahim, S., 2009. In: M. Miraftab, ed. Fatigue failure of 

textiles fibres. Technical University of LIBEREC, Czech Republic: Woodhead Publishing Limited. 

DOI: 10.1533/9781845695729.2.133. 

 
In addition to the release of FF accelerated due to the manufacturing process, laundry procedures 
can generate new fragmented fibres. In a sequence of washing cycles, the results reach a steady 
point of release, or slightly increase for the last cycles (Cai et al., 2020), confirming that no fixed 
amount of FF is shed per garment  (Hartline et al., 2016; Carney Almroth et al., 2018). This may 
be explained by fatigue failure of fibres. When laundry is carried out, fibres are subjected to a 



combination of tensile, bending and compression forces. The yield of fibre under washing forces 
arises earlier than the yield in tension when textiles are manufactured (Elmogahzy, 2008), causing 
fibre rupture. The imaging of the fibres displays fibre fractures and damage after laundering or 
soaking in hot water (Hernandez et al., 2019; Fontana, 2020).  
 
Different theories for this phenomenon are proposed since FF generation has not been explicitly 
studied. For instance, pilling is suggested as a mechanism for FF formation (Napper and 
Thompson, 2016; De Falco, Gullo, et al., 2018; Zambrano et al., 2019). Pilling is defined as the 
creation of fibre balls (pills) by entangling of protruding fibres from the surface of the fabric and 
persistence of them (Napper and Thompson, 2016). FF shedding is associated with the ease of 
fibre break and debris release at the initial stage of the pill formation (Zambrano et al., 2019). 
Although some FF could be originated by the proposed mechanism, no strong rationale support 
pilling as a single cause. Since pilling requires protruding fibre ends in the fabric surface, its 
formation would be prevented by the lack of hairiness of continuous filament fibres. The long 
filaments’ resistance to abrasion and break avoid fibre migration and pill formation (Ukponmwan 
et al., 1998; Hunter, 2009). Additionally, a high number of FF released after laundry is reported 
even if no pilling formation is observed (De Falco, Gullo, et al., 2018; Cesa et al., 2020). 
 

3.1.1 Estimated number of FF 

 
Table 2 summarises the number of FF shed from a 6-kilogram laundry load. Differences in results 
among authors are considerable. For instance, the amount of FF released from a 500gr PET t-shirt 
could be 11,300 (Pirc et al., 2016), 83,719 (Özkan and Gündoğdu, 2021), 600,000 (De Falco, 
Gullo, et al., 2018), or 36,000,000 (Cai et al., 2020). As shown (Table 2), results from different 
authors are not reported in the same units. Therefore, an approach was developed to calculate 
estimates in comparable units. Given that a standard/harmonised methodology to test the release 
of FF does not exist, the results can have inherent differences due to the varying parameters of the 
testing itself. Sixty litres of water were considered as average water-volume consumption per 
washing load. For studies where FF was reported per unit area (Browne et al., 2011; Carney 
Almroth et al., 2018; Yang et al., 2019; Athey et al., 2020), the number of FF were estimated 
following assumptions by Carney Almroth et al., 2018 (1 square metre = one garment) and 
calculated accounting 1Kg of fabric per square metre. The FF quantification method from 
reviewed literature was categorised into three different approaches. The indirect approach refers 
to estimating the FF number obtained by dividing the total volume or mass result of collected FF 
between single fibre volume or mass values. An insight into the methodology is described in 
numbers 3 and 4 of subsection 2.6. The scaling approach indicates that FF from a representative 
subsample (area or weight) of the collected FF are individually counted and then multiplied by the 
total number of subsamples comprised within the FF collected sample (see number 2 from 
subsection 2.6). Finally, if the methodology includes the counting of all particles recovered, it is 
indicated to follow a manual, semiautomatic, or automatic approach (see numbers 1 and 5 of 
subsection 2.5 and subsection 2.6 for description). 
 
Results displayed in Table 2 for synthetic and cellulosic fibres show a wide range of FF per load, 
from 11,400 (Browne et al., 2011) to 432,000,000 (Cai et al., 2020). Such a wide range of variation 
can be attributed to the differences in filter pore size used (from 0.2𝜇m up to 200𝜇m) and material 
and textile properties. There is a correlation between filter pore size and the number of FF shed in 



some cases. The lowest values in Table 2a correspond to the broader pore size (Pirc et al., 2016) 
and vice versa (Cai et al., 2020). This trend is more evident when cotton fibres results are analysed 
(Table 2b). However, there are also exceptions. For example, (Özkan and Gündoğdu, 2021) 
employed the same pore size as (Cai et al., 2020) and did not present similar results. However, this 
may be explained by the differences in textile properties of samples, pre-wash treatment, use of 
detergent and washing conditions employed in the two studies. The quantification method selected 
by the authors does not seem to impact the results or create a recognisable trend. Hence differences 
in quantification methodology may not influence particle counting. Fibre (polymer) type and yarn 
structure directly affects FF shedding and are discussed in section 4. The direct comparison of 
different materials (whether synthetic or not) and fibre length (staple or filament) may result in 
misleading generic outcomes. 



Table 2 Estimated Number of FF released in a 6 kg laundry load.  

a) Extruded fragmented fibres reported in current literature. 

Publication Fibre 
Filter Pore 

Size 
Estimated No. FF Unit 

Quantification 

Approach 

Estimated No. in 6 Kg 

load 
Browne et al., 2011 PET Not given  Max - 1,900 Single garment None specified 11,400 
Pirc et al., 2016 PET 200 𝜇m 11,300 500 g textile Indirect 135,600 
Yang et al., 2019 Acetate 5 𝜇m 74,816 FF / 1 m² Scaling  448,896 
Napper and 
Thompson, 2016 

PET 
25 𝜇m  

496,030 
6 kg load Indirect 

496,030 
Acrylic 728,789 728,789 

Sillanpää and Sainio, 
2017 

PET 0.7 𝜇m 223,000 
Wash effluent (2.6 kg 
load) 

Scaling  514,615 

Carney Almroth et 
al., 2018 

PET 1.2 𝜇m 110,000 Single garment (1 m²) Scaling  660,000 

Belzagui et al., 2019 PET 20 𝜇m 
Min – 1,000,000 

6 kg load Indirect 
1,000,000 

Max – 6,500,000 6,500,000 
Özkan and 
Gündoğdu, 2020 

R-PET 
PET 

0.45 𝜇m 
368,094 

FF / Kilogram textile Scaling  
2,208,564 

167,437 1,004,622 
De Falco, Gullo, et 
al., 2018 

PET 5 𝜇m 
Liquid – 6,000,000  

5 kg load Scaling  
7,200,000 

17,000,000 (PD) 20,400,000 

Palacios-Marín et al., 
2022 

PET 1.6 𝜇m 

Flat Filament - 10,900,000  

6 kg load Indirect 

10,900,000 
Textured Filament - 

2,640,000 
2,640,000 

Staple - 12,600,000 12,600,000 
Galvão et al., 2020 Synthetic 12 𝜇m 18,000,000 6 kg load Scaling  18,000,000 

Volgare et al., 2021 PET 5 𝜇m 
0.15kg WL  - 4,766,338  

N/kg Scaling 
28,598,028 

2.5kg WL - 1,041,736 6,250,416 

Cai et al., 2020 PET 0.45 𝜇m 
Laser cut – 210 

FF / Gram textile 
Semiautomatic count 

of total FF 
1,260,000 

Scissor cut – 72,000 432,000,000 
 
  



b) Cotton and cotton blend fragmented fibres reported in current literature. 

 
 

  

Publication Fibre 
Filter Pore 

Size 
Estimated No. FF Unit  

Quantification 

Approach 
Estimated No. in 6 Kg load 

Napper and 
Thompson, 2016 

65% PET 
35% Cotton 

25 𝜇m 137,951 6 kg load Indirect 137,951 

Athey et al., 2020 Cotton 10 𝜇m 56,000 Single garment (denim) Manually count of total FF 336,000 

Haap et al., 2019 
50% PET 

0.2 𝜇m 
51 

FF / Gram textile Automatic count of total FF 
306,000 

50% Cotton 317 1,902,000 
Sillanpää and 
Sainio, 2017 

Cotton 0.7 𝜇m 973,000 
Wash effluent (2.6 kg 
load) 

Scaling 2,245,385 

Palacios-Marín et 
al., 2022 

52% PET 
48% Cotton 

1.6 𝜇m 
20,500,000 

6 kg load Indirect 
20,500,000 

100% 
Cotton 

24,700,000 24,700,000 



Table 3 Average length and diameter of FF reported in current literature. 

Publication Fibre 
Filter Pore 

Size 
Average Length (𝜇m) Average Diameter (𝜇m) Analysis Method 

Pirc et al., 2016 PET 200 𝜇m 5,300 - - - Image Processing 

Napper and Thompson, 
2016 

PET 
25 𝜇m  

7,790 12 
Image Processing with Image J Acrylic 5,440 14 

Poly-Cotton 4,990 18 
Hernandez et al., 2017 PET 0.45 𝜇m < 1000 - - - Image Processing with Image J 
Sillanpää and Sainio, 
2017 

PET 0.7 𝜇m 100-1000 10-20 Image Processing 

De Falco, Gullo, et al., 
2018 

Weave PET 
5 𝜇m 

340 14 
Image Processing with Image J Knit PET 478 20 

Polypropylene 339 19 

Yang et al., 2019 
PET 

5 𝜇m 
499 13 

Image Processing Polyamide 1056 17 
Acetate 1128 15 

Palacios-Marín et al., 
2022 

Flat PET 

1.6 𝜇m 

550 

- - - 
Image Processing with  

Image-Pro 7 

Textured PET 550 
Staple PET 515 
Poly-Cotton Blend 673 
Cotton 379 

Galvão et al., 2020 Synthetic 12 𝜇m 170 - - -  

De Falco et al., 2020 

PET Knit Filament 

5 𝜇m 

610 16 

Image Processing with Image J 
PET Weave Fil 760 15 
PET Knit Staple 796 16 

Knit  
50% PET 420 15 
50% Cotton 889 19 

Fontana, 2020 PET 40 𝜇m > 200 - - - Image Processing with Image J 
Cai et al., 2020 PET 0.45 𝜇m 100-1000 - - - Image Processing with FiberApp 
Özkan and Gündoğdu, 
2020 

Recycled PET 
0.45 𝜇m 

1,320 
- - - Image Processing with Image J 

PET 1,590 
Volgare et al., 2021 PET 5 𝜇m 549 11.7 Image Processing with Image J 

 



3.1.2 Length distribution profile 

 
The reported results for average FF length and diameter are collated in  
  



Table 3. In most cases, the FF length is reported less than 1000𝜇m (Hernandez et al., 2017; 
Sillanpää and Sainio, 2017; De Falco, Gullo, et al., 2018; Fontana, 2020; De Falco et al., 2020; 
Cai et al., 2020; Galvão et al., 2020). Few studies have reported FF between 1000 and 1500𝜇m 
(Yang et al., 2019; Özkan and Gündoğdu, 2021). Furthermore, two published studies, (Napper and 
Thompson, 2016; Pirc et al., 2016), have included FF lengths near or above FF upper size limit 
(5mm). In the case of (Napper and Thompson, 2016), the mean length was obtained from a limited 
portion of the population since only 10 FF were measured and averaged per fabric type, which 
represents only 0.001 – 0.002% of 500,000-700,000 fibres reported. The length distribution from 
(Pirc et al., 2016) was based on a much bigger filter pore size (200𝜇m) as compared to the usual 
fibre diameter (10-20𝜇m). This means that the filter cannot capture fibres of smaller length 
dimensions and longer fibres than the pore size may scape longitudinally. Moreover, an inaccurate 
fibre length measurement owing to intertwined fibres, which could not be separated, is reported 
within the results (Pirc et al., 2016). 
 
The filter pore size impacts the fibre length distribution in different ways. For instance, studies using filters with a broader pore 

size than the average fibre diameter may report a smaller fibre mean length than those employing narrower pore size filters. As 

an example, it is possible to compare the research from (Fontana, 2020), using a 40𝜇m pore size filter and reporting a FF mean 

length of 200𝜇m, with the results from (Özkan and Gündoğdu, 2021)  employing a 0.45𝜇m pore size filter and obtaining a FF 

mean length of 1,590𝜇m. Both studies used the same software for image analysis and fibre material. However, it is known that 

during filtration, the materials gather to form a cake layer on the filter surface which effectively decreases the mean pore size 

and results in the filtration of FF smaller than the original pores. Nevertheless, large and short fibres may scape longitudinally 

from the filter in the case of (Fontana, 2020), which will directly impact the fibre length distribution and fibre quantification. As 

shown in  

  



Table 3, most studies employed image processing software (commonly Image J) for image 
analysis. In consistency with previous sections, the lack of a standard approach to test, quantify 
and measure, and the detailed data of tested sample in terms of employed materials, structure and 
processing, undermines any comparisons.  
 
Some studies have reported contradictory results after studying the effect of textile ageing on the 
release of FF and its impact on the length distribution of the released FF. One study reports an 
increase in length related to washing cycle number is documented (Folkö, 2015; Hartline et al., 
2016; Cai et al., 2020). The smaller FF are released during the first cycles, while longer particles 
have a slower detachment rate. This may be explained by a more entangled position of fibres in 
the yarn (Cai et al., 2020) (in agreement with the fibre migration mechanism described by (Tyagi, 
2010; Özkan and Gündoğdu, 2021)) or by the time needed for fatigue failure to occur and new FF 
are generated and detached (Folkö, 2015). In contrast, the decrease in the length of aged textiles 
has also been reported. A reduction of size is related to the washing cycle number (Belzagui et al., 
2019), and items previously used by household residents generated more and shorter FF than new 
ones (Galvão et al., 2020). Finally, no significant differences between length distribution and wash 
number are reported by (Fontana, 2020). The difference in washing machine type is also 
documented to affect the length of collected FF. Longer FF released from a front-load washing 
machine compared to a top-load laundering device were found (Hartline et al., 2016). The 
household laundry machines were reported to release longer fibre debris compared with lab-scale 
accelerated laundering devices (Zambrano et al., 2019). However, this could be affected by the 
additional filtration step carried out in household washing devices (effluent first collected on a 
20𝜇m pore size filter)  before filtration with a 1.2𝜇m pore size filter, that it is not employed in the 
accelerated laundering devices filtration process (Zambrano et al., 2019). In contrast, no significant 
effects on FF length from the same textile structure (acetate, polyamide and polyester) under 
different washing conditions, including temperature (30ºC, 40ºC and 60ºC), additives (presence or 
absence of laundry detergent) and laundry machine type (platen or pulsator) were found by (Yang 
et al., 2019). 
 
Another critical aspect that may affect FF length distribution is textile material properties. First, 
the fibre morphology as either discrete (staple) or endless (continuous filament) might influence 
the length of released FF. Longer debris are found after filament samples compared to staple fibres 
of the same material (Özkan and Gündoğdu, 2021; Palacios-Marín et al., 2022). Additionally, fibre 
polymer type has a significant impact on FF length. For instance, recycled PET particles break 
down into shorter debris as compared to PET (Özkan and Gündoğdu, 2021). Moreover, cotton FF 
are found to be smaller than synthetic fibres (Napper and Thompson, 2016; Napper and Thompson, 
2016; Cesa et al., 2020; Galvão et al., 2020; Palacios-Marín et al., 2022). Conversely, (De Falco 
et al., 2020) described cotton FF longer than PET FF collected after washing a polycotton blend 
sample. Furthermore, length differences related to the cutting method employed for sample 
preparation were also reported. Laser-cut showed the shortest FF, and scissors cut the longest (Cai 
et al., 2020). Finally, no effect on fibre length regarding the level of mechanical stress created by 
the absence of the addition of 10 and 20 steel balls during laundry is reported (Cai et al., 2020).   
 

3.2 Release of FF from dry routes. 

 



The collection/deposition of MP and FF in dry conditions is a relatively less explored area. This 
includes the indoor (Dris et al., 2017; Q. Zhang et al., 2020; Nematollahi et al., 2022) and outdoor 
(Dris et al., 2015; Dris et al., 2016; Dris et al., 2017; Cai et al., 2017; Abbasi et al., 2019; Allen et 
al., 2019; Stanton et al., 2019; Liu et al., 2019; Klein and Fischer, 2019; Abbasi et al., 2022) 
environments and wear and tear of garments (De Falco et al., 2020) in dry conditions. All 
publications found a large amount of collected MP/FF (Table 4). The results show a strong 
correlation between human presence and particle debris deposition, as it is the case of population 
density in outdoor environments (Dris et al., 2016; Stanton et al., 2019; Liu et al., 2019) or human 
activities performed in indoor spaces (Abbasi et al., 2019; Allen et al., 2019; Klein and Fischer, 
2019; Q. Zhang et al., 2020). This agrees with previous research on aquatic environments (Browne 
et al., 2011). Fibre concentration was higher in indoor than outdoor environments as well (Dris et 
al., 2017). On the contrary, (Klein and Fischer, 2019) reports a higher concentration of particles in 
rural than urban environments collected after atmospheric deposition. The results are attributed to 
the comb-out effect of plants (the ability of particle filtration) with solid particles from dry 
atmospheric deposition. The particles will be retained by plants and trees leaves and washed out 
after precipitation or wet atmospheric deposition (Klein and Fischer, 2019). 
 
Fragmented fibres are found to be the most common pollutant in the literature studying a broad 
definition of MP (Cai et al., 2017). Fibres exceed 90% of debris population in studies by (Dris et 
al., 2015; Nematollahi et al., 2022; Abbasi et al., 2022), or near 70% in other publications (Allen 
et al., 2019; Liu et al., 2019). The environment plays a decisive role in the shape of the micro-
debris collected. For instance, spherules and films MP were reported as the majority in industrial 
dust with a minimum presence of FF (6%). However, the same study reports over 30% fibres 
dominance in urban dust (Abbasi et al., 2019). Only FF were collected in atmospheric suspension, 
while the rest of MP shapes were found in industrial and city dust (Abbasi et al., 2019). Research 
from (Abbasi et al., 2022) showed a recovery of over 90% of FF, with small contributions from 
films and fragments, but no spherules were detected on samples recovered after a dust storm in 
Iran. Population density, industrial units and workshops, geographical environment, and dominant 
wind direction are decisive factors affecting the MP/FF concentration in indoor environments 
(Nematollahi et al., 2022). Nevertheless, applied methodology affects the results on debris 
collection, as it has already been reviewed for FF release/collection through wet routes. 
 
Regarding the polymer type of FF collected from both indoor and outdoor environments, a 
prevalence of cellulosic fibres was reported (Dris et al., 2016; Stanton et al., 2019; Q. Zhang et al., 
2020). Over 90% of the cellulosic FF population is described by (Stanton et al., 2019), while nearly 
30% of synthetic FF proportion appears in other publications (Dris et al., 2016; Dris et al., 2017; 
Cai et al., 2017). The release of cotton fibres from a 50/50 poly-cotton blend sample was 
documented as higher than PET (De Falco et al., 2020). These findings are in agreement with 
higher proportions of natural fibres collected in laundry experiments (Zambrano et al., 2019; Haap 
et al., 2019; Galvão et al., 2020). Deeper insight is needed to analyse the reason for higher natural 
and cellulosic FF pollution over synthetic materials. Studies investigating solely synthetic FF, 
report Nylon, PET and polypropylene (PP) as the most abundant materials (Nematollahi et al., 
2022; Abbasi et al., 2022). The average amount of particles reported in reviewed literature is 
displayed in Table 4. The variation in the reported results is not as large as in the case of FF results 
during laundry (Table 2). This may be attributed to the similarity of filter pore size employed in 



these studies. However, differences in collection and filtration procedures and material and size 
criteria are likely to affect the comparison of results. 
 
The MP/FF particles collected in the analysed literature present a similar size distribution. The 
majority of particles are described to have a length under 1000𝜇m (Dris et al., 2015; Dris et al., 
2017; Nematollahi et al., 2022), under 600𝜇m (Dris et al., 2016; Klein and Fischer, 2019), under 
100𝜇m (Abbasi et al., 2019; Abbasi et al., 2022), and under 50𝜇m (Allen et al., 2019). Particle 
length is affected by airflow influence on MP/FF resuspension movements (Q. Zhang et al., 2020). 
The elevated wind periods (wind events >2ms–1) result in a higher concentration of longer MP 
(Allen et al., 2019). In addition, the length and mass of the particles define their spatial occurrence. 
As a result, the longest FF are reported in dust deposition, medium size FF were collected in indoor 
air suspension while the shortest are described in outdoor atmospheric suspension (Dris et al., 
2017). This is in agreement with findings by (Liu et al., 2019), where particles collected at 1.7m 
height are longer than those collected at 33m height. The same study reports the longest particles 
collected at 80m height; however, they correspond to materials with lower density than particles 
gathered at lower altitudes. 
 
The impact of textiles properties such as fibre type (filament or staple), fabric type (woven or 
knitted), and material (polyester and polycotton blend) on the release of FF can be analysed from 
the findings of (De Falco et al., 2020) since the source of FF generation can be tracked. Weave 
design and continuous filament form were found to decrease the amount of FF release. However, 
knitted samples and staple fibres released a higher amount of FF (De Falco et al., 2020). This can 
be attributed to lower twist levels for knitted yarns and staple fibres resulting in more fibre ends. 
In addition, fibres released into the air are longer than those collected from washing cycles (De 
Falco et al., 2020). This could be explained because textiles, when subjected to laundering 
processes, experience large hydrodynamic forces that can help release the smallest fibres contained 
in the core of the yarn (Kelly et al., 2019), while this does not happen in dry conditions.  
 
The levels of anthropogenic fibrous pollution generated from textiles and their prevalence in the 
environment are of concern. Contrary to FF generated through textile washing and collected in 
WWTP, FF created after wear and tear or in dry processes does not follow an established effluent 
pathway that allows, even if partially, a collection process (Q. Zhang et al., 2020). The atmospheric 
fallout may act as a transport mechanism for FF to reach aquatic environments, agronomic systems 
and even the most remote locations (Dris et al., 2016; Stanton et al., 2019; Q. Zhang et al., 2020). 
The research carried out by (Q. Zhang et al., 2020) on indoor spaces shows how airflow affects 
the fluctuation, migration and resuspension of particles. Conclusions are similar for outdoor 
environments where air acts as a vector for FF dispersion and transport owing to their low settling 
velocities before dry or wet deposition (Abbasi et al., 2022). The release of FF during textile use 
and its presence in aquatic and terrestrial environments and their migration between ecosystems is 
well established. Still, the dispersion pathways between the sources and sinks are not fully 
understood. 
 
 



 
Table 4 Characteristics of indoor and outdoor MP/FF deposition from previous studies. 

Publication Particle type* Study Area Collection method 
Filter pore 

size 
Abundance (average) 

Dris et al., 2015 Microplastic Atmospheric Funnel + container 1.6𝜇m 118 particles/m²/day 

Dris et al., 2016 Synthetic FF Atmospheric Funnel + container 1.6𝜇m 
110 fibres/m²/day (urban) 

53 fibres/m²/day (sub-urban) 

Dris et al., 2017 FF Atmospheric / indoor Air-pump filtration device 1.6𝜇m 
5.4 fibres/m³ (indoor) 

0.9 fibres/m³ (outdoor) 

Cai et al., 2017 Microplastic Atmospheric Funnel + container 1.0𝜇m 
228 particles/m²/day (MP + FF) 

36 particles/m²/day (MP + synthetic FF) 

Abbasi et al., 2019 
Microplastic / 
Microrubbers 

Atmospheric Ambient filter sampler 2.0𝜇m 1 particle/m³ 

Allen et al., 2019 Microplastic Atmospheric Funnel + container 0.45𝜇m 
365 particles/m²/day (MP) 

36 fibres/m²/day (Synthetic FF) 
Klein and Fischer, 
2019 

Microplastic Atmospheric Funnel + container 5-13𝜇m 
215 particles/m²/day (urban) 
395 particles/m²/day (rural) 

Liu et al., 2019 Microplastic Atmospheric Total suspended particle sampler 1.6𝜇m 1.42 particle/m³ 

Stanton et al., 2019 FF Atmospheric Funnel + container 
38𝜇m sieve / 
0.45𝜇m filter 

73 fibres/m²/day (Natural) 
1.7 fibres/m²/day (Extruded) 

De Falco et al., 2020 
Polyester and 
PET/cotton FF 

Indoor generated FF Petri dishes with dampened filter N/A 
1-347 FF/gram fabric (Polyester) 
403 FF/gram fabric (Polycotton)  

Zhang et al., 2020 FF Indoor Stainless steel basins. 5𝜇m 
19,300 fibres/m²/day (FF) 

7,117 fibres/m²/day (Synthetic FF) 

(Abbasi et al., 2022) Microplastic Atmospheric 
Retrieval of settled dust 
particles from vehicles. 

2𝜇m 0.44 MP/gram of dust 

(Nematollahi et al., 
2022) 

Microplastic Indoor 
Retrieval of settled dust 

particles from flat surfaces. 
2𝜇m 

195.1 MP/gram of dust 
From which 99.7% where FF.  

 

*The term Microplastics (MP) in particle type within this table include synthetic FF as part of their study, but it does not consider any 
fragmented fibre from natural or regenerated origin. While Fragmented fibres (FF) include all types of textile fibre materials. 



4. Impact of textile materials and structure on the release of FF 
 
Textile materials and structural configurations have been reported to affect the release of FF during 
laundering. In this section, the key material and structural variables are reviewed to develop 
insights to understand the role of the variables. There is a lack of systematic studies to elucidate 
the impact of different manufacturing steps on the fibre properties and eventually propensity to 
release FF.  
 

4.1 Textile structure 

 

4.1.1 Polymer type 

 
Given that PET is the most common textile polymer, most of the published literature has focussed 
on PET fibres (Browne et al., 2011; Pirc et al., 2016; Hernandez et al., 2017; Jönsson et al., 2018; 
Kelly et al., 2019; Fontana, 2020; Cai et al., 2020; Özkan and Gündoğdu, 2021). However, there 
are studies on other synthetic materials such as polyamide (nylon), polyacrylic (acrylic) and 
polypropylene (Folkö, 2015; Hartline et al., 2016; Carney Almroth et al., 2018; De Falco, Gullo, 
et al., 2018; Belzagui et al., 2019; Hernandez et al., 2019; Berruezo et al., 2021; Volgare et al., 
2021). Natural fibres, specifically cotton, have also been studied either as a single component 
(Sillanpää and Sainio, 2017; Stanton et al., 2019; Cesa et al., 2020; Athey et al., 2020) or in a blend 
with synthetics (Napper and Thompson, 2016; Haap et al., 2019; De Falco et al., 2020). 
Furthermore, regenerated materials, including acetate (Yang et al., 2019), rayon (Zambrano et al., 
2019), and viscose (Galvão et al., 2020), have also been explored and compared with natural and 
synthetic fibres.  
 
The comparison of synthetic and natural fibre textiles has exhibited significant differences in FF 
shedding behaviour. A PET-cotton blend (65-35%) was found to shed consistently fewer fibres 
than synthetic materials (PET and acrylic) (Napper and Thompson, 2016). While other authors 
reported significantly more FF shed from cotton and cellulosic materials than synthetic samples 
(Zambrano et al., 2019; Haap et al., 2019; Galvão et al., 2020). In the absence of a common 
approach and detailed materials and structural information, the studies cannot be directly 
compared; however, the results show a noticeable difference between shed fibres from different 
materials. This may be due to the physicochemical properties of the fibre materials (De Falco et 
al., 2020). Regarding PET, as a high breaking strength fibre, the pills resulting from textile abrasion 
in the fabric surface tend to stay attached to the fabric (Ukponmwan et al., 1998) and may release 
fewer fibres. While cellulosic fibres are hydrophilic, which influence fibre wettability and along 
with an increase in temperature, it causes the fibre to swell, promoting fibre migration from the 
core to the yarn surface (deGruy et al., 1962; Zambrano et al., 2019; De Falco et al., 2020). 
Additionally, mechanical abrasion of cotton in a wet state causes fibrillation of the fibre 
(Okubayashi and Bechtold, 2005; De Falco et al., 2020). Conversely, a lower release of cotton 
fibres than PET and acrylic (Napper and Thompson, 2016) may be associated with cotton 
hygroscopicity, which enhances hydrogen bonding in a wet state and increases fibre strength (Lau 
and Fan, 2009). 
 



Regarding synthetic FF, plastics are formed by highly parallel oriented segments of polymer chains 
to produce a partly crystalline morphology (Andrady, 2017; Hernandez et al., 2017), embedded in 
a randomly oriented amorphous matrix (Andrady, 2017) (see Figure 8). This morphology makes 
the plastic tougher, but a higher crystallinity (which is the case for synthetic textile fibres) may 
produce a more brittle material (Andrady, 2017). Crystallinity is affected by polymer chemistry, 
thermal treatment, and processing history, and it directly impacts the fibre strength, density and 
weatherability, hence FF shedding. Also, most synthetic fibres are hydrophobic, so they do not 
swell on water, leading to a reduced release of FF. These statements agree with published findings. 
Different percentages of PET (14%) and cotton (86%) FF were collected from a 50-50 poly-cotton 
blend sample (Haap et al., 2019). At the same time, a difference in the release of PET and cotton 
between the proportion of washed fibres and recovered fibres was found (Galvão et al., 2020).  
Moreover, natural FF are more abundant than synthetic in environmental samples (Dris et al., 
2016; Stanton et al., 2019; Q. Zhang et al., 2020; Athey et al., 2020; Parton et al., 2020). It is 
essential to mention that there is a need for a broader study to compare different materials with 
comparable structural configurations and explore conditions to understand the effect of polymer 
type on the amount of shed FF. 
 

 
 

Figure 8.Schematic representation of a semi-crystalline plastic showing ordered segments (thick lines)  

of polymer chains that have crystal-like properties embedded in an amorphous (thin lines) polymer matrix. 

Reprinted with permission from Andrady, A.L., 2017. The plastic in microplastics: A review. Marine Pollution Bulletin. 119(1), 

p.17. Copyright 2017, Elsevier Ltd., DOI: 10.1016/j.marpolbul.2017.01.082. 

 

4.1.2 Fibre form 

 
Fibre form (staple or filament) is known to significantly impact the release of FF when laundering 
(Cesa et al., 2020; De Falco et al., 2020; Özkan and Gündoğdu, 2021; Palacios-Marín et al., 2022). 
Staple yarns are predominantly used in clothing and are known to shed more FF compared to 
continuous filament yarns (De Falco, Gullo, et al., 2018; De Falco et al., 2020; Özkan and 
Gündoğdu, 2021; Palacios-Marín et al., 2022). The staple length of the fibre may impact shedding 



since shorter fibres mean more fibre ends protruding from the yarn surface per length (as seen in 
Figure 9) (Cesa et al., 2020) and may have a greater tendency to escape (De Falco, Gullo, et al., 
2018). This is the case with cotton, which presents a broader length distribution than staple 
extruded fibres owing to its natural origin, with a higher amount of short fibres (Wakeham, 1955; 
Cesa et al., 2020) that affect FF release (Cesa et al., 2020; Palacios-Marín et al., 2022). 
 

 
Figure 9 Surface detail of a) Filament yarn and b) Staple yarn. (Author). 

4.1.3 Yarn structure 

 
Yarns are defined as a bundle of natural and, or extruded staple fibres and, or filaments. They 
represent the rudimentary element of any geometrically structured fabric (Tausif et al., 2018). 
Yarns are produced by twisting a parallel fibrous strand, increasing the fibrous assembly's lateral 
force. The mass per unit length of a yarn is known as yarn count or number (Tausif et al., 2018). 
Both the yarn twist and count impact the FF release (Carney Almroth et al., 2018; Yang et al., 
2019; De Falco et al., 2020; Palacios-Marín et al., 2022). A study reported that thicker staple yarns 
shed more fibres (Carney Almroth et al., 2018), and a positive relation between yarn count and FF 
release is defined owing to the higher amount of fibres per cross-section in the yarn (Yang et al., 
2019). On the contrary, no impact was found on collected FF by the number of filaments in the 
yarn cross-section (Özkan and Gündoğdu, 2021). As stated before, differences in results may be 
attributed to their nature as continuous filament or staple fibres yarns. Results from (Palacios-
Marín et al., 2022) from a comparative analysis of five different yarn structures show that fibre 
material and yarn structure impact directly in the release of FF.   
 
The higher the twist, the tighter the fibres are bound together, and inter-fibre / inter-filament spaces 
are reduced (Tausif et al., 2018; De Falco et al., 2020). The higher twist levels may make it difficult 
for smaller fibres to escape from the yarn core, so the twist level in the yarn impacts FF release 
(Carney Almroth et al., 2018; De Falco et al., 2020; Palacios-Marín et al., 2022). Yarn twist is 
related to yarn hairiness and evenness. The first indicates the quantity and length of fibre ends 
protruding from the yarn surface, while the second refers to the variation level of the yarn diameter 



along its length (Zambrano et al., 2019). Both properties have a positive impact on the release of 
FF since a high level of hairiness mean a greater number of fibres per unit area exposed (Carney 
Almroth et al., 2018; Zambrano et al., 2019; Özkan and Gündoğdu, 2021) and an uneven yarn 
leads to poor abrasion resistance (Zambrano et al., 2019). Consequently, yarn twist is likely to be 
a key factor for FF shedding and warrants a detailed study. As this level of structural detail is not 
included in all the reported studies, this limits the direct comparison of different materials and 
inter-study comparisons. 
 

4.1.4 Fabric structure 

 
The fabric represents the sum of individual elements (fibres and yarns), their properties and 
mechanical characteristics (Militky and Ibrahim, 2009), which affect FF release. The impact of 
fabric structure on the release of FF is reported with differing results. For instance, (Carney 
Almroth et al., 2018) describes a clear impact of fabric structure affecting FF shedding, while  
(Hernandez et al., 2017) findings show no significant difference relating fabric type with fibre 
collection. Furthermore, textile samples manufactured with a tighter structure (higher number of 
yarns per unit length) are described to release a greater fibre loss owing to the higher availability 
of fibres per area (Carney Almroth et al., 2018) and a reduction in FF collection due to the difficulty 
of fibres to escape between narrower inter-yarn spaces from a tight structure (Yang et al., 2019). 
This is in agreement with a recent study evaluating the influence of weave patterns in FF release. 
Results show that the weave interlacing coefficient (IC) affects the release of FF. The higher the 
weft density, the lower FF release reported. This is attributed to the high fibre compactness levels 
restraining FF from leaving the yarns. The research showed no effect of the three different weave 
patterns (plain, satin, and twill) studied on the extent of the FF release (Berruezo et al., 2021). 
Nevertheless, results may be highly affected by the combination of polymer type, fibre form and 
yarn structure of samples, since they were manufactured of a textured filament PET warp and a 
staple acrylic weft. 
 
Fleece fabrics are considered to release the highest level of FF in the literature (Browne et al., 
2011; Folkö, 2015; Hartline et al., 2016; Pirc et al., 2016; Carney Almroth et al., 2018; Belzagui 
et al., 2019). The use of filament yarns in fleece fabric involves napping and shearing of fibres on 
the fabric surface, as seen in Figure 10, which cause fleece fabrics to shed more FF compared to 
other common fabrics (Browne et al., 2011; Carney Almroth et al., 2018), and shedding reduces 
after repeated washing (Pirc et al., 2016). The surface density of the fabric and the volume of fibre 
ends protruding from the surface (Folkö, 2015; Belzagui et al., 2019) due to mechanical finishing 
results in higher FF release. 
 

 



 
Figure 10 SEM images for the fleece textiles: A) surface and B) single yarns from fleece. 

Reprinted with permission from (Cai et al., 2021). Formation of Fiber Fragments during Abrasion of Polyester Textiles. 

Environmental Science & Technology. 55(12), Figure S1, p. S2, Supplementary Information. 

Copyright 2021, American Chemical Society. DOI: 10.1021/acs.est.1c00650. 

Further permission related to the material excerpted should be directed to the ACS. 

 

4.1.5 Textile colouration and finishing 

 
Colouration and finishing can modify the physical and chemical properties of textile materials.  
This includes adding chemicals and the physical manipulation of the fabric with mechanical 
devices (Roy Choudhury, 2017). Colouration technology involves numerous steps specific to fibre 
chemistry and the properties of dyes or pigments. The processing involves the use of high water 
volume for cleaning, dyeing and rinsing the fabrics (Drumond Chequer et al., 2013). The 
hydrodynamic forces related to this procedure may impact the generation and release of FF. There 
is a paucity of reported literature on the influence of finishing on synthetic FF shedding. Polyester 
textiles released significantly more fibres after their surface was mechanically processed (Cai et 
al., 2020), as is the case for fleece fabrics (Folkö, 2015; Carney Almroth et al., 2018; Belzagui et 
al., 2019). In addition, a study found PET fabrics to have a higher release of FF compared to PET-
cotton blended samples. The authors suggest that PET textiles are often modified with finishes to 
improve their surface appearance, which may be responsible for reaching fibre fatigue more 
quickly (Napper and Thompson, 2016). However, it warrants further research to see the impacts 
of different finishes applied to textiles and FF release. Regarding natural fibres, a recent 
publication investigated the effect of colouration and some of the most common textile finishes 
over cotton. The results show the promotion of FF shedding with all treatments. From higher to 
lower release of FF, finishes are listed as durable press > softener > water repellent > dyeing. 
However, only water repellent and softener finish treatment presented a significant difference over 
the rest of the treatments. The finishing of cotton also influenced FF length and abrasion resistance 
(Zambrano et al., 2021b). There is a need to study other common fibre types and finishing 
treatments. 
 
Garment manufacturing and finishing can also impact FF release. A recent study compared FF 
shedding of “distressed” (manufactured with intentional rips and holes) and non-distressed jeans. 
Results show a higher release of FF from non-distressed jeans and suggest that the distressing 



degree is likely to impact the particles shedding (Athey et al., 2020); however, a deeper 
investigation for garment manufacturing and treatment is recommended. 
 
 

4.2 Impact of washing conditions 

 
This subsection analyses the impact of washing conditions on the release of fragmented fibres. The 
release of FF is influenced by differences in washing cycles, including time, temperature, 
mechanical stress and water volume (Fontana, 2020). However, in the absence of directly 
comparable conditions, the current literature understandably reports disagreeing findings. For 
example, mechanical stress in accelerated washing procedures shows no significant impact when 
the number of steel balls used is increased (Hernandez et al., 2017; Cai et al., 2020). Contrarily, a 
positive relation between mechanical stress and FF shedding is attributed to a higher level of stress 
generated on top-load machines compared to front-load devices (Hartline et al., 2016). The 
differences in findings may be attributed to laundering devices, sampling textile properties and 
washing conditions. Moreover, results comparing top-load versus front-load appliances may be 
influenced by the water volume employed in each device (Kelly et al., 2019). The literature 
suggests that water volume represents the most significant factor affecting FF release during 
laundry (Kelly et al., 2019). When washing processes are carried out, fibres are subjected to 
massive viscous forces (fluid frictional forces that oppose the motion of adjacent fluid layers or 
the resistance to flow displayed by a fluid (Arfken et al., 1984)), and their large surface area to 
volume-ratio ease the release of FF from textiles. The same hydrodynamic forces could also 
diminish yarn strength, causing a higher fibre collection (Kelly et al., 2019). In this regard, a recent 
study evaluated the impact of washing load (WL) (0.15kg, 0.88kg, 1.64kg, and 2.5kg) on the extent 
of FF release. Results show a progressive decrease of FF release with increasing washing load and 
a significant impact in FF length. This is attributed to the synergistic effect between the water-
volume to fabric ratio and the mechanical stress on the samples caused by the different textile 
amount used in each test  (Volgare et al., 2021). 
 

4.2.1 Sample preparation 

a. Pre-washing assessment   

 
Pre-washing processes are performed as part of the methodology to eliminate impurities that may 
attach to textiles during manufacture and storage (Jönsson et al., 2018). This process may be 
executed in wet or dry conditions. Wet conditions include a rinse cycle with distilled water 
(Hernandez et al., 2017), short washing cycles without additives (Carney Almroth et al., 2018; 
Zambrano et al., 2019; Yang et al., 2019), several washing cycles prior to the experimental, which 
maintain the conditions established for the experimental laundry (Napper and Thompson, 2016), 
scoured and dried (Fontana, 2020), and pre-wash cycle with additives (De Falco et al., 2020). 
Assessments proposed by dry routes involve gentle shake (Hartline et al., 2016), use of lint roller 
(Haap et al., 2019), and vacuuming of samples (Jönsson et al., 2018; Özkan and Gündoğdu, 2021). 
As discussed in section 3, the pre-washing assessment may or may not influence FF release. For 
instance, the higher release of FF after the first washing cycle is reported even though different 
pre-washing processes are carried out in dry and wet conditions (Napper and Thompson, 2016; 
Zambrano et al., 2019; Özkan and Gündoğdu, 2021). However, it is not always the case, since 
other findings show a steady release during laundry cycles after pre-washing assessment 



(Hernandez et al., 2017; Fontana, 2020) or without following any pre-washing procedure (Hartline 
et al., 2016). Therefore, pre-washing of samples may not be the only factor affecting this 
behaviour, and more importantly, the material processing history is essential to be reported/known. 
 

b. Cutting and hemming techniques  

 
The sample preparation for the FF trails is critical, especially when lab-scale laundry experiments 
are conducted with smaller specimens rather than full garments. The cutting method was found to 
impact the release of fragmented fibres significantly. This included a significant difference 
between the scissor cut and ultrasound cut materials (Jönsson et al., 2018) and up to 21 times 
higher release with the scissor-cut compared to the laser-cut samples (Cai et al., 2020). The 
opening of the yarn ends may cause these results, inducing FF shedding (Cai et al., 2020) or new 
FF generation at the fabric edge (Jönsson et al., 2018). Also, finishes on fabric edge may impact 
FF shedding since additional fibre damage is generated when cutting or needling, as is the case for 
overlocked samples with higher levels of FF than samples with a raw edges (Cai et al., 2020). 
Additionally, laser-cut significantly releases fewer fibres than overlocking and double-folded 
sewing because the edges of synthetic fibres are melted when applying this technique (Cai et al., 
2020).  
 

4.2.2 Use of detergent 

 
Additives including detergent, bio-detergent and fabric conditioner or softener are studied in 
published literature. A positive correlation between the use of detergent and the release of 
fragmented fibres is described (Hernandez et al., 2017; Carney Almroth et al., 2018; De Falco, 
Gullo, et al., 2018; Yang et al., 2019). It may be caused by decreased frictional forces and 
lubrication of fibre surface, which facilitates FF release between inter-fibre spaces (Hernandez et 
al., 2017; Yang et al., 2019). However, a higher amount of surfactant is not equal to higher FF 
shedding since similar levels of FF release are found after increasing the detergent dosage 
(Hernandez et al., 2017). The type of detergent used (liquid or powder) is documented in the 
literature, with findings showing no difference between detergent type (Hernandez et al., 2017) or 
higher FF levels caused by powder detergent (De Falco, Gullo, et al., 2018). The latter results 
could be explained by the insolubility of some powder detergent compounds in water, which cause 
friction against fibres and a higher pH of the solution induced by the powder detergent (De Falco, 
Gullo, et al., 2018). Since softener increase pilling and fabric breaking strength, especially in 
synthetic fibres, the use of this additive is suggested to influence the FF release (Napper and 
Thompson, 2016). 
 
The use of detergents and their form (powder, liquid (Hernandez et al., 2017; De Falco, Gullo, et 
al., 2018)) is essential to simulate practical washing conditions (Hartline et al., 2016; De Falco, 
Gullo, et al., 2018). The studies on repeated washings of the same textile articles have reported 
contradictory results of no effect (Hernandez et al., 2017; Volgare et al., 2021), increase (Hartline 
et al., 2016), or decrease (Pirc et al., 2016; Cesa et al., 2020) on the emission of FF. The latter 
findings are attributed to a reduction of mechanical action and a decrease in textile damage due to 
foaming created by the surfactant (Cesa et al., 2020). Also, significant results that do not follow 
an evident tendency comparing the absence of additives, bio-detergent, non-bio detergent, fabric 



conditioner and their combination in different textile samples are reported (Napper and Thompson, 
2016). Finally, tumble drying aggravates the release of FF (Pirc et al., 2016).  
 

4.2.3 Temperature 

 
The temperature during washing is another crucial factor that could impact FF shedding. Either no 
impact is reported after an increase in temperature (Hernandez et al., 2017; Kelly et al., 2019), or 
a significant higher FF release is described (De Falco, Gullo, et al., 2018; Yang et al., 2019). This 
effect is only found in cotton fibres (Zambrano et al., 2019) due to its hydrophilic nature. Even 
though synthetic fibre results are not statistically significant (Zambrano et al., 2019), high 
temperatures in water cause damage in synthetic fibres. Dents and fractures are observed in fibres 
after steeping textiles at 95ºC (Figure 11) (Hernandez et al., 2019). These findings demonstrate 
that high temperatures are likely to affect the release of FF from natural and synthetic fibre textiles. 
 

 
Figure 11 Imaging at 1000× of the teabags after steeping reveals a rougher surface, at higher magnification (30000× insets) 

dents and fractures are observed. Adapted with permission from Hernandez, L.M., et al., 2019. 

Plastic Teabags Release Billions of Microparticles and Nanoparticles into Tea. 

Environmental Science & Technology. 53(21), p. 12301. Copyright 2019, American Chemical Society.  

DOI: 10.1021/acs.est.9b02540. 

 

5. Mitigation strategies currently implemented 
 
Though the primary focus has been on understanding the level of release of FF from textiles, 
different approaches have been explored to mitigate the release of FF to the environment. This 
includes interventions during textile manufacturing and collection of FF in washing effluent, which 
are discussed in reference to the applicability of these solutions at the industrial and consumer 
level. 
 
The laundry processes are recognised as a critical source of fragmented fibres (Browne et al., 
2011). The wastewater effluent from household laundry devices may be discharged directly into 
the environment or treated in WWTP prior to reaching aquatic environments (Murphy et al., 2016).  
A recent study reports retention of 99.9% of MP in WWTP (Ball, 2019). However, sheer water 
volumes in WWTP (Acharya et al., 2021) and intense rainfall seasons may exceed the WWTP 
handling limit (Napper et al., 2020) and result in a straight discharge of untreated effluent into 
aquatic environments (Napper et al., 2020; Acharya et al., 2021). Even if a high filtration of MP 
and FF is considered, still a substantial number of particles can reach the ecosystem. For instance, 
an estimation of 65 million MP released daily into the environment was calculated for a 650,000 
population with a removal efficiency of 98.4% in WWTP (Murphy et al., 2016). And probably, a 



larger proportion of the particles escaping WWTP would correspond to FF over other MP forms 
(Napper et al., 2020; Acharya et al., 2021). Moreover, because anaerobic or aerobic processes do 
not decompose synthetic FF in WWTP, they accumulate in sewage sludge. FF can reach the 
environment again when sewage sludge is used for agricultural purposes, dumped into the ocean 
or at land (Acharya et al., 2021). The mitigation strategies include the manipulation of textiles and 
their structure and collection devices to be used in laundry machines.  
 

5.1 Textile Finishing 

 
Textile finishing involves the post-treatment of fabrics to impart a specific aesthetic or functional 
aspect. In literature, different chemical treatments are reported to coat the surface of synthetic 
fabrics and mitigate fibre fragmentation and release. The choice of the finishing material was 
aimed to be from eco-friendly sources to prevent the introduction of external contaminants into 
the environment (De Falco, Gentile, et al., 2018; De Falco et al., 2019). This included a pectin-
based bio-coating obtained from natural polysaccharide organic waste. The abundant availability 
of raw material and low cost can promote this product to be commercially feasible (De Falco, 
Gentile, et al., 2018). In addition, two biodegradable polymers, Poly (lactic acid) (PLA) and poly 
(butylene succinate-co-butylene adipate) (PBSA), were tested as coating materials for polyamide 
fabrics. PLA is a form of polyester derived from renewable sources that offers a high coating 
resistance during washing cycles. At the same time, PBSA is a low-cost random copolymer with 
an excellent biodegradation rate in the marine environment (De Falco et al., 2019).  The finishes 
were applied to the fabric samples by padding process for pectin based (De Falco, Gentile, et al., 
2018) and ElectroFluido-Dynamic method for PLA and PBSA coatings (De Falco et al., 2019). 
The simulated washing processes were carried out to assess their efficiency, one cycle for Pectin 
and five for PLA and PBSA. Laundry effluent was filtered, and the amount of FF was calculated. 
The fabric samples were 100% polyamide-6,6. Commercially available detergent was employed 
for all the trials (De Falco, Gentile, et al., 2018; De Falco et al., 2019).  
 
All finishes show a reduction of around 90% of FF shedding compared to untreated polyamide. 
This is the average value after one cycle for pectin-based bio-coating and five cycles for PLA and 
PBSA coatings. Also, there is a noticeable increase (PLA and PBSA) and a slight increase (pectin 
based) in fabric tear strength after treatment. The analysis of the sample surface exhibits the 
presence of the coating after washing in all cases and after five laundry cycles for PLA and PBSA. 
In addition, FF released from treated samples have a greater mean FF length and diameter than 
those detached from untreated polyamide. The fabric hand, assessed by holding coated fabrics, 
and fibre morphology were not altered compared to untreated samples (De Falco, Gentile, et al., 
2018; De Falco et al., 2019).  
 
With the low number of washing cycles assessed (one for Pectin, five for PLA and PBSA) and in 
the absence of exposure to other environmental variables, the long-term durability of the treatment 
is not determined. For instance, even if the surface analysis after one (Pectin) and five (PLA, 
PBSA) washing cycles exhibited the presence of the coating treatment, fibre mitigation 
effectiveness was evaluated only on the first laundry cycle. The coating treatments could 
potentially achieve a commercial application due to the simple application process and 
compatibility with the existing industrial technology (De Falco, Gentile, et al., 2018; De Falco et 
al., 2019), but require further work. The FF detachment during dry processes is needed along with 



the treatment and performance of coatings in other synthetic, natural, and regenerated materials. 
In particular, polyamides are already known to exhibit high abrasion resistance. It is important to 
note that PLA particles detached from the textile finishing surface may be considered MP because 
PLA is not fully degraded under natural and aquatic conditions (Lambert and Wagner, 2017; 
SAPEA, 2019). 
 

5.2 Changes in the textile structure 

 
The modification of textile structures to prevent fibre shedding is an active area of research. One 
example includes an initiative to reduce FF release during laundry processes by Polartec. In 
November 2018, the company released the new textile “Power Air”, which is engineered to 
mitigate FF by trapping insulating lofted fibres through two surfaces of knitting, creating 
individual air pockets (see Figure 12). Power Air is created as a mid-layer weight fabric to maintain 
heat and replace fleece fabrics. This product features an internal grid structure that encapsulates 
lofted fibres within a continuous yarn, multilayer fabric. The outer side presents a flat surface from 
the same multilayer fabric. This structure is engineered to offer advanced thermal efficiency.  The 
durable outer surface from both sides has a better pilling resistance, minimising the contact with 
fibre endings and creating new FF. According to the company performance tests, the fabric releases 
five times less FF, which are not described in detail (POLARTEC, 2018).   
 

 
Figure 12 Detail of “Power Air” fabric. 

(POLARTEC, 2018) [Online image] Retrieved from https://www.polartec.com/fabrics/insulation/power-air 

(Accessed 31 Jan. 2022). 

 
 

5.3 Retrofit devices used in washing machines 

 
The use of retrofit devices to collect FF during the laundry process is discussed in this section. All 
of them are placed inside the washing machine during laundry and removed when the process is 
finished. FF have then to be cleaned from the device for its reuse. The description of each device 
is below, and Figure 13 display the devices: 
 

https://www.polartec.com/fabrics/insulation/power-air


a) Cora Ball (Cora Ball, VT, USA, Figure 13a): A ball-shaped device formed by stalks with 
hooks on the end. The design is inspired by the filtration system of coral reefs. This device 
must be placed inside the washing machine while laundering. It captures FF into visible 
fuzz to be disposed of by the consumer (Napper et al., 2020; Cora Ball, 2022). The product 
is commercially available. 

 
b) Guppyfriend Washing bag (Langbrett, Germany, Figure 13b): A polyamide mesh bag 

where the garments are placed inside and laundered. FF are collected in the corners of 
the bag to be easily removed and disposed of by the consumer after laundry (Napper et 
al., 2020; Guppyfriend, 2022). The product is commercially available. 

 
c) Fourth element Washing Bag  (Fourth Element, U.K.): This mesh bag follows the same 

function as the Guppyfriend but was designed to wash thermal undergarments (Napper 
et al., 2020). Fleece fabrics, which are made of, typically release a higher amount of FF 
than other fabrics (Folkö, 2015; Hartline et al., 2016). This is a product prototype at the 
time of the review. 

 

 
Figure 13 Retrofit devices for washing machines. 

a) Coraball. (Cora Ball, 2022) [Online image] Retrieved from https://www.coraball.com. (Accessed 20 Feb 2022). 

b) GuppyFriend (Guppyfriend, 2022) [Online image] Retrieved from https://en.guppyfriend.com. (Accessed 20 Feb 2022). 

 
In a study evaluating the efficiency of FF retention from different devices by (Napper et al., 2020), 
results show a successful reduction percentage of 54 ± 14% for the Guppyfriend, 31 ± 8% for Cora 
Ball and 21 ± 9% for the Fourth Element prototype. Only the Guppyfriend washing bag has a 
significant reduction (p-value<0.05) compared to the control sample without any device in use. 
The vast difference between the two washing bag devices does not depend on their pore size since 
both have comparable measures (50μm), so it may be related to the shape and design of the bags 
(Napper et al., 2020). In a similar study, results from Cora Ball report to reduce 26% the number 
of FF/L of effluent (McIlwraith et al., 2019), comparable to earlier reported results. 
 

https://www.coraball.com/
https://en.guppyfriend.com/


The mentioned devices benefit from the practical design and easy use for the consumer. 
Nevertheless, captured FF are disposed of in the bin. Even if they do not follow the pathway of 
washing effluent to reach aquatic environments, they could still represent a hazard for terrestrial 
environments and finally reach aquatic ecosystems. The shortcomings of these devices and 
disposal options for recovered FF are further discussed compared to external filtration units for 
washing effluent in the following section. The environmental pathways for FF and their impact 
can be consulted in section 5.4. 
 

5.4 Collection of FF in washing effluent 

 
The external filtration devices are installed on the pipe carrying the effluent from the washing 
machine. These devices filter the washing effluent and collect FF to prevent their release to WWTP 
and/or aquatic environments. Three such devices are discussed in this section and can be consulted 
in Figure 14. 
 

a) Lint LUV-R (Environmental Enhancements, NS, Canada): This filtration system is 
mounted under a cabinet, shelf, or wall next to the washing machine. Wastewater effluent 
is filtered, and the device collects the FF. The efficiency improves after collecting an initial 
amount of FF on the device walls that will serve as filter lint. The cleaning is recommended 
after 2-3 laundry loads. Collected FF are disposed into the bin (Environmental 
Enhancements, 2020; Napper et al., 2020).  
 

b) XFiltra prototype (Xeros Technology Group, U.K.): This filtration device is designed to be 
integrated into any commercial laundry machine. It includes an integrated pump, a filter, 
and a de-watering device that capture the FF by separating them from the water of the 
laundry effluent. The device is designed to support easier disposal and the cleaning is 
recommended every 30 cycles. The dry filtered mass is then removed and disposed of in 
the bin (Xeros, 2020; Napper et al., 2020).  
 

c) PlanetCare (PlanetCare Limited, U.K.): This filter device is designed in a layered structure 
for a better collection and distribution of FF. The reusable cartridges must be replaced after 
20 washing cycles. One of the benefits is the closed-loop offered to the customer since 
cartridges containing recovered FF are returned to the company for an appropriate disposal 
(PlanetCare, 2020; Napper et al., 2020). 

 

 
Figure 14 External filtration devices 

a) Lint LUV-R (Environmental Enhancements, 2020) [Online image] Retrieved from 

https://environmentalenhancements.com/store/ (Accessed 20 Feb 2022). 

b) XFiltra prototype (Xeros, 2020) [Online image] Retrieved from https://www.xerostech.com/technologies#xfiltra 

https://environmentalenhancements.com/store/
https://www.xerostech.com/technologies#xfiltra


(Accessed 20 Feb 2022). 

c) Planet Care (PlanetCare, 2020) [Online image] Retrieved from https://planetcare.org (Accessed 20 Feb 2022). 

 
The research by (Napper et al., 2020) compares the aforementioned devices. The XFiltra prototype 
is placed as the most successful apparatus in retaining FF from washing effluent. The reduction 
percentage is 78 ± 5%, compared to 29 ± 15% and 25 ± 20% from Lint LUV-R and PlanetCare, 
respectively. Also, only the XFiltra retains significantly more FF than the control sample. The 
success of this device is attributed to the finest mesh pore size (60μm) compared to the other 
filtration devices and the design structure. In comparison, the research by (McIlwraith et al., 2019) 
on filtration devices (Lint LUV-R and Coraball) displays an 87% of FF reduction of Lint LUV-R 
compared to control. The contrast in results can be potentially associated with the methodology 
differences followed in both research studies. Moreover, the average size of FF captured with Lint 
LUV-R was longer than those of Cora Ball and control samples (McIlwraith et al., 2019). 
Accordingly, it warrants further research on retention devices to investigate the size/amount of FF, 
and any impacts on the environment.  
 
Better performance of external filtration units for washing effluent is reported compared to devices 
placed inside the washing machine (Napper et al., 2020). However, the downsides of these 
appliances are the extra cost for the consumer and specialist fitting of the additional devices, except 
for XFiltra which is designed to be included as part of the laundry machine. Apart from the 
PlanetCare filter, external and in-drum devices require a cleaning process by the consumer and FF 
lint can be disposed into the bin (Napper et al., 2020). The disposal of FF may end up in the 
environment by other means. If filters are washed, the collected mass can be unintentionally 
released into the environment via drained water. This can include terrestrial environments, such as 
agricultural soils, and endanger biota and biological natural processes (Henry et al., 2019). 
Moreover, they could also be transported by airflow and reach aquatic environments or other 
ecological systems by atmospheric deposition (Singh et al., 2020). An alternative solution to 
benefit from the lint accumulation in these devices is proposed by a research team from Kaunas 
University of Technology (KTU) and the Lithuanian Energy Institute. Lint FF collected from 
drying machines were thermally treated in a pilot pyrolysis plant to successfully extract oil, gas, 
and char from these debris. A 70% conversion rate into energy products is estimated for lint FF 
after thermally treated, which represents massive amounts of energy production and carbon 
footprint reduction (Innovation in Textiles, 2021). 
 
It is crucial to consider any financial implications for the consumer and the space required for the 
installation of external filtration devices. These factors may restrict consumers to apply any of the 
technologies to their day-to-day life (Singh et al., 2020). Fragmented fibres are not entirely 
collected with any of the devices used during laundry; therefore, other measures must be 
considered to achieve higher collection efficiency. A combination of filtration and collection 
devices with modifications on textiles discussed throughout this section may result in the solution 
for capturing FF before reaching the environment.   
 

5.5 Wastewater treatment plants 

 
The role of wastewater treatment plants in releasing FF into the environment has not been 
completely defined. However, they are considered a representative pathway of MP and FF to reach 

https://planetcare.org/


the aquatic and terrestrial environments (Acharya et al., 2021). Wastewater treatment processes 
commonly comprise preliminary, primary, and secondary treatment stages. Additionally, a tertiary 
treatment process is often included based on specific requirements of the plants (Acharya et al., 
2021). A representation of WWTP processes can be consulted in (Masiá et al., 2020) and it is 
shown in Figure 15. Assessment of MP/FF removal from WWTP shows a highly effective 
recovery system with a reduction of 98-99% of particles after secondary treatment (Murphy et al., 
2016; Talvitie, Mikola, Setälä, et al., 2017; Acharya et al., 2021). However, even with advanced 
treatment processes, the WWTP represent a considerable source of FF and MP (Acharya et al., 
2021; Sol et al., 2021). For instance, a study regarding the fate of MP on a highly efficient 
secondary WWTP for a city of 650,000 inhabitants in Scotland reported a recovery of 98.41% 
from the water influent and a release of 0.25 (0.04) MP per litre in the final effluent. This 
corresponds to 65 million MP released per day (Murphy et al., 2016; Acharya et al., 2021). A 
similar study conducted on several WWTP across the United States found 0.05 (0.024) 
microparticles per litre of effluent. The daily discharged average is over 4 million microparticles, 
rising to 15 million microparticles a day (Mason et al., 2016; Acharya et al., 2021). Finally, 
(Talvitie, Mikola, Setälä, et al., 2017) investigated natural and synthetic micro-litters from a 
WWTP with a 99% removal efficiency rate. Their results estimated  200 – 790 million micro-litter 
particles released on a daily basis, from which 1.7–140 million particles correspond to MP released 
per day to the Baltic Sea (Talvitie, Mikola, Setälä, et al., 2017; Acharya et al., 2021).  

 
Figure 15 A schematic representation of WWTP processes and percentages of MPs removal during processing. 

Reprinted with permission from Masiá, P., et al., 2020. Bioremediation as a promising strategy for microplastics removal in 

wastewater treatment plants. Marine Pollution Bulletin. 156, p. 2. Copyright 2020, Elsevier Ltd., 

DOI: 10.1016/j.marpolbul.2020.111252. 

 
These results are exacerbated when the textile industrial sewage discharge is analysed. The 
manufacturing steps that textiles go through when converted to final products increase the amount 
of FF released. The FF concentration in textile industrial sewage is up to 10,000 times higher than 
municipal sewages in China, especially on the effluent discharged after dyeing and printing 
processes. Even with a successful FF removal rate of over 90%, FF discharged into waterbodies 
from a single mill can rise up to 7.5×107 a day (Xu et al., 2021). The analysed studies suggest that 
millions of microparticles are released from WWTP every day, even with an outstanding recovery 
rate. Moreover, FF are the predominant form of microparticles released in WWTP (Acharya et al., 
2021). For instance, (Mason et al., 2016) found that fibre-shaped particles were released with an 
occurrence of 59% among microparticles released in the final effluent. At the same time, a study 



from (Michielssen et al., 2016) shows a fibre form predominance of 83% among microplastic and 
other micro-anthropogenic litter released in the final stage of WWTP. Although results from 
(Murphy et al., 2016) do not display the percentage of incidence for fibrous microplastics, the most 
common materials collected on the final effluent are polyester and polyamide, which most likely 
correspond to FF released from textiles (Acharya et al., 2021). On the contrary, findings from 
(Talvitie, Mikola, Setälä, et al., 2017) show an extraordinarily low percentage (14%) of fibres 
released in the final effluent. The difference between results may be associated with the distinct 
treatment processes carried out on the WWTP studied. A detailed overview of the incidence of 
MPs and FF in the influent and the effluent of WWTPs worldwide can be consulted in (Sol et al., 
2021). 
 
Microplastics can affect the primary, secondary, and tertiary treatment stages of wastewater. The 
primary treatment uses precipitation, sedimentation, and other physical methods to remove 
suspended solids in wastewater. Strong acid, alkali and concentrated toxics are neutralised before 
the effluent reaches the next stage. The excessive accumulation of MP may cause blockage of the 
grille bars and a higher dosage demand of reagents. Moreover, MP can adsorb toxic components, 
which affects the proper pollutant removal (Bakir et al., 2014; Zhang and Chen, 2020; Masiá et 
al., 2020). The secondary treatment is a biochemical based action for biodegradation of organic 
matter and the subsequent separation of solid particles from the treated water (Masiá et al., 2020). 
The presence of microplastics in this stage affects the microbial-mediated process that controls the 
production and reduction of ammonium and the biological conversion efficiency of inorganic 
nitrogen. The impact of these processes affects the toxicity levels in water for aquatic organisms 
(Bendell et al., 2014; Cluzard et al., 2015; Zhang and Chen, 2020). Finally, during the third stage, 
disinfection of the wastewater is carried out to eliminate active pathogens through chlorination and 
UV irradiation (Masiá et al., 2020). MP agglomerate due to their size, density, and surface 
properties. These MP aggregates are different from expected structures in wastewater. The changes 
of the parameters from the original design may increase chemicals needed for the treatment, the 
ease of MP to adsorb pollutants, and the impossibility to bring existent contaminants into the water 
surface (Lai et al., 2014; Perren et al., 2018; Zhang and Chen, 2020).  
 
Fragmented fibres intercepted during the wastewater treatment do not biodegrade easily with 
aerobic or anaerobic processes and will end as part of the sewage sludge (Acharya et al., 2021). 
Especially those particles removed in the first and second stages of the treatment (Masiá et al., 
2020). Therefore, FF can be released to the environment at some stage (Acharya et al., 2021). The 
presence of micro and nanoplastics in sewage sludge impacts the sludge digestion rate. Commonly, 
the anaerobic digestion method is used for sludge stabilisation. In this process, particulate organic 
matter is converted into soluble substrates. High levels of MP in waste activated sludge (WAS) 
may negatively affect the hydrolysis of polysaccharides and proteins. Consequently, a reduction 
in the degradation rate and increase of chemical toxicity are expected (Wei, Huang, et al., 2019; 
Wei, Zhang, et al., 2019; Zhang and Chen, 2020). 
 
The effective removal of MP from wastewater and sewage sludge is still under investigation. 
Existing techniques result in inefficient, expensive methods with chemical reagents that pollute 
and endanger the ecosystem. In addition, filtrations systems may not be adequate since 
shortcomings include rupture of MP due to mechanical stress, enabling the particles to reach the 
environment (Zhang and Chen, 2020). Different approaches to MP removal are described below. 



A summary of the efficiency of different MP removal methods can be consulted in (Zhang and 
Chen, 2020) and (Masiá et al., 2020). 
 

a) Sol-gel method: This technique aims to create large particle agglomerates by sol-gel 
induction. Flocculation of MP is promoted by a pH-induced sol-gel process, allowing the 
isolation of MP agglomerates by separation systems in WWTP. This sustainable process is 
suitable for any type, size and pollutant amount of MP particles (Herbort, Sturm and 
Schuhen, 2018; Herbort, Sturm, Fiedler, et al., 2018; Zhang and Chen, 2020). 
  

b) Electrocoagulation: This technology produces coagulants electrically with metal 
electrodes. The coagulants produced by ions are created by electrolysis and aimed to form 
a sludge layer that captures suspended particles such as MP. Finally, the sludge layer is 
brought into the effluent surface and removed. It is a compatible, cost and energy effective 
technique that decreases sludge formation and may remove over 90% of MP in the 
wastewater (Garcia-Segura et al., 2017; Perren et al., 2018; Zhang and Chen, 2020). 

 
c) Dynamic membranes: This filtering technique applies existing pollutants in wastewater to 

form a filter layer. There is no need to add any external chemicals for this process. Low-
density non-degradable particles, such as MP, are trapped in the filter layer for proper 
removal. This is one of the most effective removal techniques that require low energy and 
cost (Chu et al., 2012; Li et al., 2018; Zhang and Chen, 2020). 

 
d) Bioremediation: This is a new and promising technique that involves biological species 

such as higher eukaryotes, sandworms, sea cucumbers, seagrass and macrophytes to 
eliminate MP from wastewater. Species first collect or digest MP particles, and individuals 
are transferred to a clean environment where they can eliminate MP safely and return to 
the WWTP effluent. Further studies are needed to enhance the bioremediation processes 
(Masiá et al., 2020). 

 
The occurrence, fate, and mitigation strategies of microplastic and fragmented fibre particles in 
wastewater treatment plants are out of the scope of the present work. For an exhaustive review, it 
is suggested to study (Michielssen et al., 2016; Mason et al., 2016; Talvitie, Mikola, Setälä, et 
al., 2017; Talvitie, Mikola, Koistinen, et al., 2017; Gatidou et al., 2019; Masiá et al., 2020; 
Acharya et al., 2021; Sol et al., 2021). 

6. Environmental impact and risks associated with FF  
 
Fragmented fibres are released from textiles during production, use, service, and end-of-life 
disposal into aquatic and terrestrial environments following different pathways. Among them, 
washing effluent from clothing is pointed out as a critical source of FF pollution for both 
environments (Browne et al., 2011; Hartline et al., 2016; Carney Almroth et al., 2018). Wastewater 
treatment plants are unable to retain all FF, and as a result, particles may escape by effluent to be 
released to aquatic environments (Napper and Thompson, 2016; Cesa et al., 2017; De Falco, 
Gentile, et al., 2018; Cai et al., 2020; Acharya et al., 2021). The route for terrestrial ecosystems 
depends mainly on the sludge from WWTP that is applied to agricultural fields as fertiliser or 
dumped into the land or the ocean (Browne et al., 2011; Murphy et al., 2016; De Falco, Gullo, et 



al., 2018; Acharya et al., 2021). Since MP and FF are not monitored as hazardous substances, the 
recovered particles are directly applied into the soil (Henry et al., 2019) and may remain there even 
after 15 years of application without any significant change in their fibrous structure (Zubris and 
Richards, 2005; Henry et al., 2019). 
 
The fate of FF between aquatic and terrestrial environments is interconnected. FF released into the 
atmosphere by textile wearing and cleaning or accumulated in sludge-treated soils may return 
directly to aquatic environments by atmospheric deposition. Moreover, WWTP are partially open 
systems with some of the stages exposed to atmospheric fallout; therefore, FF could travel and 
return into the final effluent of WWTP reaching aquatic environments (Dris et al., 2016; Stanton 
et al., 2019; Cai et al., 2020). Fragmented fibre shedding through textile washing (Carney Almroth 
et al., 2018; Belzagui et al., 2019; Athey et al., 2020; Özkan and Gündoğdu, 2021) and its 
frequency in the atmosphere (Dris et al., 2016; Stanton et al., 2019; Chen et al., 2020; Q. Zhang et 
al., 2020) have been thoroughly studied. Despite this extensive information, FF’s pathways 
between sources and sinks are not entirely understood. Figure 16 shows indigo denim FF recovered 
from different sources. This is a clear example of the wide variety of aquatic sinks for FF. The 
degradation rates for these particles and their ability to become airborne and carried between 
terrestrial and aquatic environments still need to be elucidated (Henry et al., 2019). Furthermore, 
there is insufficient data on alternative pathways for FF to reach the environment, for instance, the 
discharge of household wet-cleaning effluent into the sewage system (Lassen et al., 2015). 
Although data availability in some cases is minimal, there is sufficient evidence to prove FF 
pollution as a threat to the environment and human health (Singh et al., 2020). 
 

 
Figure 16 Images of an indigo denim fibre identified as cotton found in (C) Arctic sediments, (D) Great Lakes fish, and (E) WWTP 

effluent and (F) a denim fibre released from blue jeans collected from wash water effluent. Images acquired using a Leica 

microscope (80×) (C and F) or a micro-Raman spectrometer (HORIBA Raman Xplora Plus) (D and E) (100× and 500×, 

respectively). Arrows highlight the unique collapsed shape of the cotton fibre. Scale bars are 10μm. 
Reprinted with permission from Athey, S.N., et al., 2020. The Widespread Environmental Footprint of Indigo Denim Microfibers 



from Blue Jeans. Environmental Science & Technology Letters. 7(11), p. 841. Copyright 2020, American Chemical Society.  

DOI: 10.1021/acs.estlett.0c00498. 

6.1 Impact on environment 

The plastic pollution problem has been redefined after acknowledging that only 6% of plastic 
pieces entering the ocean are visible on the marine surface and beaches (Eunomia, 2016; Henry et 
al., 2019). In both terrestrial and aquatic environments, the presence of synthetic and natural FF 
has been established (Browne et al., 2011; Murphy et al., 2016; Cesa et al., 2017; Carney Almroth 
et al., 2018; De Falco et al., 2020). FF pollution has reached even the most remote locations 
globally (Wright and Kelly, 2017; Henry et al., 2019; Singh et al., 2020). Their ubiquitous nature 
and rising proportions in the environment have placed them as one of the most enduring and 
pervasive anthropogenic pollutants in the earth atmosphere (Singh et al., 2020). It is estimated that 
0.19 MT of fragmented fibres from synthetic textiles enter annually into the ocean (Henry et al., 
2019). However, this number does not consider any FF detached from regenerated or natural textile 
materials.  
 
Fragmented fibres can potentially harm the health of living organisms by fulfilling two essential 
roles, potential source and transport medium of toxic chemicals (Jönsson et al., 2018). Textile 
polymers are in contact with catalysts, pesticides, solvents, dyes, and additives such as phthalates 
and nonylphenol when converted from raw material and manufactured into final garments (Cesa 
et al., 2017; Rios Mendoza et al., 2018; Stanton et al., 2019; Athey et al., 2020). These compounds 
may not be chemically attached to the polymer matrix and are susceptible to release (Wright and 
Kelly, 2017), acting as a source that could cause unknown collateral effects to living organism 
after being ingested, inhaled or in contact (Cesa et al., 2017; Rios Mendoza et al., 2018). FF 
regularly release additives in aquatic environments, which have been reported as lethal and 
carcinogenic (Singh et al., 2020). 
 
As carriers, FF can also be nourished from toxic substances of the surrounding environment such 
as contaminants from WWTP and landfills, including heavy metals, non-polar persistent organic 
pollutants (POPs), polycyclic aromatic hydrocarbon (PAH), endocrine-disrupting compounds 
(EDCs), polychlorinated biphenyls (PCBs), among others (Cesa et al., 2017; Catarino et al., 2018; 
Gasperi et al., 2018; Singh et al., 2020). FF possess a high surface-area-to-volume which increase 
the risk of bioavailability of toxic compounds since they could accumulate in animal tissues after 
ingested, providing a possible pathway for cells to interact with external chemicals (Browne et al., 
2011; Cesa et al., 2017; Henry et al., 2019). 
 
Exposure to microplastics and fragmented fibres of aquatic organisms, including phytoplankton, 
zooplankton, mussels, an assortment of fish and bird species, turtles, penguins, and seals, among 
others, has been studied. A detailed chart with the hazardous effects in different marine animals 
and humans on exposure to FF can be consulted in (Singh et al., 2020). After being mistakenly 
ingested, fibres enter the digestive tract and could reach the circulatory system (Henry et al., 2019). 
It is reported that ingestion and exposure to FF in marine animals cause toxicity in liver and heart, 
neurotoxicity, negative impact in eating behaviour, stomach damage, obstruction in gills and 
disruption of the endocrine system, harmful effects on reproduction behaviour, starvation, and 
malnutrition (UNESCO, 2017; Chatterjee and Sharma, 2019; Singh et al., 2020). It is estimated 
that around 100,000 marine animals and over a million sea birds die annually due to plastic debris 



ingestion (UNESCO, 2017). Moreover, it is believed that the number of FF in the sea will overpass 
that of fish by 2050 (Singh et al., 2020).  
 
The degradation of FF in the marine environment depends upon weathering factors. In contrast to 
terrestrial environments, the degradation rate is prolonged, particularly for synthetic FF due to the 
lack of UV-ray, low oxygen concentration, and low temperatures (Singh et al., 2020). Since 
polyester fibre density is higher than seawater, it is suggested that the FF of this polymer may 
settle in the seabed. The biological processes that occur in the deep ocean are less investigated than 
the rest (Barnes et al., 2009; Cesa et al., 2017), even though the presence of FF in oceanic sediment 
is of vast magnitude (Singh et al., 2020). The limitation of gas exchange and proliferation of non-
native species are part of the research limitations still to be studied (Barnes et al., 2009; Cesa et 
al., 2017).  
 
Recently it has been suggested that FF pollution on terrestrial environments may be over 20 times 
higher than marine locations (Singh et al., 2020). Research on microplastics in agricultural soil in 
southwestern China showed that 100% of the samples contained plastic debris, and 92% were 
fragmented fibres from them. Direct irrigation of soil with washing effluent from laundry is 
pointed out as a likely source for fibrous contamination (Zhang and Liu, 2018). Microplastics 
presence in crops and agricultural land has been reported to cause a reduction in the natural soil’s 
sorption (Hüffer et al., 2019) and modify the soil properties, including aeration, moisture content, 
and aggregate stability (Lozano and Rillig, 2020). FF in soil have an initial interaction with the 
biota, which may modify the geo-chemically and biophysical atmosphere leading to environmental 
toxicity (Singh et al., 2020). These particles may be attached or consumed by earthworms in the 
soil surface and carried out into depth layers, where they can affect biota and organisms of deeper 
layers and could even reach groundwater (Rillig et al., 2017). 
 
It has been reported that MP modify the relationship mechanisms of water retention, porosity and 
aggregation that impact the soil biophysical functions. Fragmented fibres shed from textiles may 
entangle aggregates and mould due to their linear and flexible structure (Forster et al., 2020). These 
particles immersed in soil reduce the soil bulk density and increase the soil macroporosity, 
improving aeration, which ultimately facilitates the penetration of the roots in the soil matrix and 
increases the root biomass. The effects of modification in root morphological traits have not been 
long-term studied and have different impacts depending on the plant species. FF may affect plant 
community evenness and performance, which could promote the dominance of invasive species 
and impact plant community resistance or resilience (Lozano and Rillig, 2020).  
 
The levels of FF reported in the atmosphere are alarming. The magnitude of textile FF pollution 
deposited on household surfaces is similar as emitted during the laundry processes (Sundt et al., 
2014). On the contrary of particles generated through textile washing, FF released to the 
atmosphere cannot be captured (Q. Zhang et al., 2020) as occur in WWTP. Hence, atmospheric 
fallout may act as a transport of textile particles to reach aquatic environments, agronomic systems, 
and even the most isolated locations (Dris et al., 2016; Stanton et al., 2019; Q. Zhang et al., 2020). 
FF pollution can be transported at a fast pace over long distances from the source to remote 
environments (Henry et al., 2019). The research carried out in indoor spaces shows how airflow 
affects the fluctuation, migration and resuspension of particles, which can also affect FF found in 
outdoor environments since air acts as a FF vector for contamination (Q. Zhang et al., 2020). 
 



The ecological effects of plastic alternatives, including natural and regenerated fibres, are yet to 
be established. Natural fibres are placed as dominants – 93.8% in freshwater and airborne samples 
(Stanton et al., 2019) and 33.3% ingested by demersal sharks (Parton et al., 2020), in recent 
publications. Cotton fragmented fibres are ubiquitous encountered (De Falco et al., 2020); for 
instance, indigo denim cotton FF were located in remote regions sediments. Hence, the persistence 
of these fibres is durable enough to undergo long-range transport from sources and awakes biota 
concern (Athey et al., 2020). The biodegradation of cellulosic natural and extruded fibres in aquatic 
environments and their chemical sorption behaviour still need to be confirmed (Ladewig et al., 
2015). A slow decomposition created by the hostile environmental and weathering conditions 
discussed previously is suggested (Chen and Jakes, 2001; Andrady, 2017). Whereas other 
publications hypothesise a standard degradation rate (Ladewig et al., 2015; Zambrano et al., 2019). 
A  low decomposition may involve environmental consequences similar to synthetic FF, while a 
faster pace could represent a potential route for hazardous chemicals attached to the fibre (Stanton 
et al., 2019).  The presence of certain fibre types could also be linked to the sample preparation 
protocols as certain polymer types are susceptible to degradation during sample preparation for 
separating the collected FF/MP from collect samples in the environment.  
 

6.2 Impact on human health 

 
MP and FF can potentially also pose a human health risk. Inhalation, ingestion and dermal contact 
are the primary routes for MP and FF entering the human body (Acharya et al., 2021). The uptake 
of synthetic FF by humans represents exposure to the plastic particle and the chemicals associated 
with them (Acharya et al., 2021). Natural and regenerated FF are also associated with dangerous 
chemicals and may represent a similar hazard (Ladewig et al., 2015). The human effects for plastic 
consumption gather three main points: particle toxicity, chemical toxicity, and pathogen-parasite 
vectors (Acharya et al., 2021). 
 
Fragmented fibres have been found in products sold for human consumption, including drinking 
water, sea salt, seafood, sugar, and beer, with clothing as a likely source (Liebezeit and Liebezeit, 
2014; Singh et al., 2020; Sol et al., 2021). Additionally, these particles may enter into human food 
supply after being ingested by marine organisms (Hartline et al., 2016; Pirc et al., 2016; Cesa et 
al., 2017; Rios Mendoza et al., 2018). For instance, shellfish represents the principal source of FF 
in a dietary pathway to human exposure (Wright and Kelly, 2017). An average of 7,500 synthetic 
FF per year has been estimated to be ingested by an adult only via tap water (Sol et al., 2021). MP 
found in human stool evidence the ingestion and passage through the gastrointestinal tract of these 
particles (Mohamed Nor et al., 2021). Even if humans do not directly consume fibres, the 
chemicals detached from FF may be transferred to the upper nutrients rank through the food chain. 
Moreover, FF can also carry parasites and other pathogenic microorganisms  (Singh et al., 2020). 
 
The occupational health of labourers from microfibres manufacturing plants has been studied. 
Chronic exposure to FF is reported to cause lung infection and inflammation, an interstitial lung 
disease that induces dyspnoea, coughing and reduces lung capacity. Also, it has been related to 
cause stomach, liver, kidney and brain damage, genotoxicity, cardiovascular problems, oxidative 
stress, and apoptosis (Bahners et al., 1994; Eschenbacher et al., 1999; Boag et al., 1999; Wright 
and Kelly, 2017; Prata et al., 2020).  Although airborne FF concentration in flocking areas (a textile 
manufacturing step for a particular type of products) is higher than particles found in the 



environment (up to 1,000,000 fibres/m3) (Bahners et al., 1994), this evidence suggests the potential 
hazard of FF pollution to trigger localised biological responses and endanger human health (Wright 
and Kelly, 2017). 
 
Cellulosic and synthetic respirable FF deposited in lung tissues and found in malignant human 
lung specimens is also documented (Pauly et al., 1998; Thompson et al., 2004; Dris et al., 2017; 
Cesa et al., 2017; Prata et al., 2020; Singh et al., 2020). Moreover, plastic nanoparticles were found 
in all sampled specimens of human organs, including lungs, spleen, kidneys, and liver 
(Tangermann, 202AD). Chemicals attached to FF such as phthalates, BPAs, POPs, PCBs, and 
EDCs may have hazardous effects on human health such as injury in the intestines, liver and 
kidneys, infection in the blood, breast cancer, and hormonal balance in female reproductive 
systems (Chatterjee and Sharma, 2019; Singh et al., 2020; Acharya et al., 2021). Furthermore, the 
size and hydrophobicity of FF facilitate their route through the placenta and blood-brain barrier to 
reach the gastrointestinal tract and lungs (Smith et al., 2018). The translocation of FF from the 
digestive system to the circulatory system affects the immune system and deposit on secondary 
organs (GESAMP, 2016). A detailed diagram of predicted pathways for the uptake of MP in the 
lung and gastrointestinal tract can be consulted in (Wright and Kelly, 2017).  
 
The repercussions of chronic exposure to fragmented fibres when ingested and inhaled are in an 
early stage of research and yet need to be established (Singh et al., 2020). A MP exposure 
assessment and a chemical exposure via MP assessment was performed about dietary and 
inhalation intake by (Mohamed Nor et al., 2021). The results show that the highest rates come 
from the air and the lowest from fish. Moreover, it is suggested that smaller-sized MP (1−10μm) 
may remain throughout a lifetime in the body. Despite the high amount of MP intake, chemical 
leaching from MP and particles volume did not reflect a substantial impact on human health; hence 
the proportion of MP seems insufficient to cause a chemical change in the body (Mohamed Nor et 
al., 2021). However, increased pollution levels and future research could evidence MP and fibrous 
debris as a clear threat in the human health (SAPEA, 2019). 
 
The impact of microplastics and fragmented fibres in the environment and their potential risks for 
human health are broad topics other researchers have studied. Since they are not included in the 
scope of this study, it is suggested to review the work of (GESAMP, 2015; GESAMP, 2016; 
Wright and Kelly, 2017; Gasperi et al., 2018; Prata, 2018; SAPEA, 2019; Henry et al., 2019; Prata 
et al., 2020; Singh et al., 2020; Acharya et al., 2021; Mohamed Nor et al., 2021; Palacios-Mateo 
et al., 2021). 
 

6.3 Aquatic degradation of fragmented fibres 

 
As discussed throughout this document, one of the major concerns of FF released from textiles 
during washing processes is their fate and persistence in aquatic environments. Available literature 
regarding the degradation of fragmented fibres in aquatic environments is scarce. The slow 
degradation of plastics and prolonged persistence time periods of synthetic FF highlight the risks 
of these contaminants (Gaylarde et al., 2021).  
 
There is no single concept to define “degradation”. In the polymers, including MP and FF, it may 
refer to a chemical change that affects their properties, a breakdown into smaller pieces or 



mineralization of the material (Andrady, 2017). Aquatic degradation of MP and FF can only be 
achieved by mineralization of the polymers into small molecules of CO2 and H2O (Andrady, 2017). 
In the same way, the aquatic degradability of materials is not straightforward to measure or certify 
(Zambrano et al., 2019). This leads to different results from publications reporting the aquatic 
degradability of FF, including a qualitative analysis of degradation signs in the polymer surface 
(Zambrano et al., 2021b; Sait et al., 2021), changes in polymer composition with FTIR profiles 
(Zambrano et al., 2020; Sait et al., 2021), and comparison of oxygen uptake of the material in a 
closed system against the theoretical oxygen demand (Zambrano et al., 2019; Zambrano et al., 
2020; Zambrano et al., 2021a). 
 
Research by Zambrano et al., (Zambrano et al., 2019; Zambrano et al., 2020) compared aerobic 
aquatic biodegradation between activated sludge at a low concentration from WWTP, lake water 
and seawater of microcrystalline cellulose (MCC), cotton, rayon, 50-50 polyester-cotton blend and 
polyester fabrics. The findings of these studies,  shown in Figure 17, report broadly that cellulosic 
fibres were degraded while polyester fibres were not. The biodegradation rate of samples was 
found to be MCC > Cotton > Rayon > Polycotton > Polyester in all inoculums. However, 
environmental conditions impact the degradation percentage reached by the fibres after 35 days. 
For instance, cotton and rayon present a 77% degradation rate in lake water, while only 49% in 
seawater. Similarly, the polycotton blend degrades 33% in lake water and only 14% in seawater, 
while polyester did not degrade in any inoculum (Zambrano et al., 2019; Zambrano et al., 2020). 
 

 

 



 
Figure 17 Biodegradation curves of the textile yarns based on the oxygen uptake of the system versus the theoretical oxygen 

demand calculated for each yarn, corrected for nitrification reactions. A – inoculum: lake water from Lake Raleigh (Raleigh, NC), 

method ISO 14851 (N = 3). B – inoculum: seawater from Fort Fisher Park (Wilmington, NC), method ASTM D6691 (N = 4). C – 

inoculum: activated sludge from the Neuse River WWTP, 30 ppm of total suspended solids (TSS), method ISO 14851 (N = 4). The 

error bars represent the standard error of the mean. (Zambrano et al., 2020, p.5).  

Reprinted with permission from 

Zambrano, M.C., et al., 2020. Aerobic biodegradation in freshwater and marine environments of textile microfibers generated in 

clothes laundering: Effects of cellulose and polyester-based microfibers on the microbiome. Marine Pollution Bulletin. 151, p. 5. 

Copyright 2019, Elsevier Ltd., DOI: 10.1016/j.marpolbul.2019.110826. 

 
 
On the other hand, photodegradation of synthetic FF in freshwater and seawater has also been 
investigated (Sait et al., 2021). FF from PET, polyamide (PA), and polyacrylonitrile (PAN) were 
exposed to UV in freshwater and seawater for ten months. Findings show changes in surface 
morphology on PET and PA fibres and chemical alterations of PA. However, PAN presents no 
significant degradation after the same period. Similar results were observed for freshwater and 



seawater. In this regard, salinity only influences the leaching of chemical additives from the fibres 
(Sait et al., 2021). Further research of plastics biodegradation is still needed (Gaylarde et al., 2021). 
 
The degradation success of cellulosic over synthetic fragmented fibres does not exempt them from 
being hazardous to the environment. The work by Zambrano et al., (Zambrano et al., 2019; 
Zambrano et al., 2020) employed raw yarns without finishing agents. Hence, the samples do not 
represent commercial textiles used in the fashion industry as colouration and chemical/mechanical 
finishing processes are generally applied. Recent research analysed the impact on the aquatic 
biodegradability of the most common treatments applied on cotton textile fibres (Zambrano et al., 
2021a). The results show that some of the finishes significantly affect the biodegradability of 
polymers, especially those increasing the crosslinking and hydrophobicity of the fibre. As a final 
result, fibres with all tested treatments are expected to biodegrade. However, their degradation rate 
is significantly affected, increasing the persistence of these pollutants in the environment. 
Moreover, active compounds of some treatment formulations may not biodegrade and could reach 
the environment as the ultimate fate (Zambrano et al., 2021a). Hence, the degraded fibres could 
act as a delivery vehicle for any hazardous chemistry. However, these merits further research in 
reference to exposed concentration and commonly applied colouration and finishing agents.  
 

7. Summary and Future direction 
 
In recent years, the quantification of fragmented fibres (FF) from textiles during laundering has 
extensively been studied. In the absence of standard/harmonised methods to quantify the release 
of FF during dry and wet environments, the extent of release of FF cannot be directly compared 
from different studies. In addition, the detailed data of fibre/yarn/fabric properties and material 
history is generally not reported. There is a need for systematic evaluation of the impact of essential 
material and structural variables on the release of FF during manufacturing, use and service of 
textiles.  The interconnections between sources and sinks of FF are not fully understood, and the 
dispersal route of the FF needs to be elucidated. 
 
The threat of microplastic (MP) pollution to our ecosystem is well established, and remedial 
measures are challenging given the ubiquity of MP. Improved plastics with reduced environmental 
impact, plastic recycling and reduced consumption are vital. Still, the release of fragmented fibres 
(FF) from textiles remains a challenge since their production is non-intentional. The intervention 
strategies to produce novel textile structures that stop the release of fragmented fibres from textiles 
would present at-source solutions. In line with this, our current research (funded by Engineering 
and Physical Sciences Research Council, UK Research and Innovation) is in progress to 
fundamentally understand fibre damage leading to fibre fragmentation. In particular, the project 
will explore physical and chemical strategies to manufacture novel textiles which stops the release 
of fragmented fibres. 
 
The degradability of FF is another topic of concern and future work. The conditions needed for 
natural, regenerated, and synthetic fibres to degrade in terrestrial and aquatic environments and the 
consequences of the chemical additives leaching from the fibre debris demand further 
investigation. Moreover, the remarked abundance of natural and regenerated FF over the global 
mix of FF evidence the gap of research on the degradability and persistence of these cellulosic 



fibres. Therefore, it is recommended to carry out future work for a better understanding and an 
effective contribution towards textile sustainability.  
 

Acknowledgements 
 
“STOP fibrous microplastic pollution from textiles by elucidating fibre damage and manufacturing 
novel textiles” funded by Engineering and Physical Sciences Research Council (EP/T024542/1), 
UK Research and Innovation. 
 
AVPM received a studentship awarded by the Mexican Council of Science and Technology 
(CONACyT studentship no. 900969) for study at the University of Leeds.  



8. References 
 
Abbasi, S., Keshavarzi, B., Moore, F., Turner, A., Kelly, F.J., Dominguez, A.O. and Jaafarzadeh, N. 

2019. Distribution and potential health impacts of microplastics and microrubbers in air 
and street dusts from Asaluyeh County, Iran. Environmental Pollution. 244, pp.153–164. 

Abbasi, S., Rezaei, M., Ahmadi, F. and Turner, A. 2022. Atmospheric transport of microplastics 
during a dust storm. Chemosphere. 292, p.133456. 

Acharya, S., Rumi, S.S., Hu, Y. and Abidi, N. 2021. Microfibers from synthetic textiles as a major 
source of microplastics in the environment: A review. Textile Research Journal., 
p.004051752199124. 

Akanyange, S.N., Lyu, X., Zhao, X., Li, X., Zhang, Y., Crittenden, J.C., Anning, C., Chen, T., Jiang, T. 
and Zhao, H. 2021. Does microplastic really represent a threat? A review of the 
atmospheric contamination sources and potential impacts. Science of The Total 

Environment. 777, p.146020. 

Allen, S., Allen, D., Phoenix, V.R., Le Roux, G., Durántez Jiménez, P., Simonneau, A., Binet, S. and 
Galop, D. 2019. Atmospheric transport and deposition of microplastics in a remote 
mountain catchment. Nature Geoscience. 12(5), pp.339–344. 

Andrady, A.L. 2011. Microplastics in the marine environment. Marine Pollution Bulletin. 62(8), 
pp.1596–1605. 

Andrady, A.L. 2017. The plastic in microplastics: A review. Marine Pollution Bulletin. 119(1), 
pp.12–22. 

Arfken, G.B., Griffing, D.F. and Joseph Priest, K. 1984. Fluid Mechanics In: International Edition 

University Physics [Online]. Academic Press. Available from: 
https://doi.org/10.1016/B978-0-12-059858-8.50021-2. 

Arthur, C., Baker, J. and Bamford, H. (eds.). 2009. Proceedings of the International Research 
Workshop on the Occurrence, Effects and Fate of Microplastic Marine Debris. Sept 9-11, 
2008. NOAA Technical Memorandum NOS-OR&R-30. 

Athey, S.N., Adams, J.K., Erdle, L.M., Jantunen, L.M., Helm, P.A., Finkelstein, S.A. and Diamond, 
M.L. 2020. The Widespread Environmental Footprint of Indigo Denim Microfibers from 
Blue Jeans. Environmental Science & Technology Letters. 7(11), pp.840–847. 

Atkins, W.R.G., Jenkins, P.G. and Warren, F.J. 1954. The suspended matter in sea water and its 
seasonal changes as affecting the visual range of the Secchi disc. Journal of the Marine 

Biological Association of the United Kingdom. 33(2), pp.497–509. 



Bahners, T., Ehler, P. and Hengstberger, M. 1994. Erste Untersuchungen zur Erfassung und 
Charakterisierung textiler Feinstaübe. Melliand Textbilber. 75, pp.24–30. 

Bakir, A., Rowland, S.J. and Thompson, R.C. 2014. Transport of persistent organic pollutants by 
microplastics in estuarine conditions. Estuarine, Coastal and Shelf Science. 140, pp.14–
21. 

Ball, H. 2019. Sink to river - river to tap: a review of potential risks from nanoparticles and 

microplastics : period covered 2018/2019 [Online]. Centre for Ecology and Hydrology 
(Great Britain): United Kingdom Water Industry Research Limited. Available from: 
https://ukwir.org/sink-to-river-river-to-tap-review-of-potential-risks-from-microplastics. 

Barnes, D.K.A., Galgani, F., Thompson, R.C. and Barlaz, M. 2009. Accumulation and 
fragmentation of plastic debris in global environments. Philosophical Transactions of the 

Royal Society B: Biological Sciences. 364(1526), pp.1985–1998. 

Belzagui, F., Crespi, M., Álvarez, A., Gutiérrez-Bouzán, C. and Vilaseca, M. 2019. Microplastics’ 
emissions: Microfibers’ detachment from textile garments. Environmental Pollution. 
248, pp.1028–1035. 

Bendell, L.I., Chan, K., Crevecoeur, S. and Prigent, C. 2014. Changes in Ammonium and pH 
within Intertidal Sediments in Relation to Temperature and the Occurrence of Non-
Indigenous Bivalves. Open Journal of Marine Science. 04(03), pp.151–162. 

Berruezo, M., Bonet-Aracil, M., Montava, I., Bou-Belda, E., Díaz-García, P. and Gisbert-Payá, J. 
2021. Preliminary study of weave pattern influence on microplastics from fabric 
laundering. Textile Research Journal. 91(9–10), pp.1037–1045. 

Betts, K. 2008. Why small plastic particles may pose a big problem in the oceans. Environmental 

Science & Technology. 42(24), pp.8995–8995. 

Boag, A.H., Colby, T.V., Fraire, A.E., Kuhn, C. 3rd, Roggli, V.L., Travis, W.D. and Vallyathan, V. 
1999. The Pathology of Interstitial Lung Disease in Nylon Flock Workers. The American 

Journal of Surgical Pathology. 23(12), p.1539. 

Boucher, J. and Friot, D. 2017. Primary microplastics in the oceans: A global evaluation of 

sources [Online]. Gland, Switzerland: IUCN International Union for Conservation of 
Nature. [Accessed 11 June 2020]. Available from: 
https://portals.iucn.org/library/node/46622. 

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T. and Thompson, R. 
2011. Accumulation of Microplastic on Shorelines Woldwide: Sources and Sinks. 
Environmental Science & Technology. 45(21), pp.9175–9179. 

Buchanan, J.B. 1971. Pollution by synthetic fibres. Marine Pollution Bulletin. 2(2), p.23. 



Cai, L., Wang, J., Peng, J., Tan, Z., Zhan, Z., Tan, X. and Chen, Q. 2017. Characteristic of 
microplastics in the atmospheric fallout from Dongguan city, China: preliminary research 
and first evidence. Environmental Science and Pollution Research. 24(32), pp.24928–
24935. 

Cai, Y., Mitrano, D.M., Hufenus, R. and Nowack, B. 2021. Formation of Fiber Fragments during 
Abrasion of Polyester Textiles. Environmental Science & Technology. 55(12), pp.8001–
8009. 

Cai, Y., Yang, T., Mitrano, D.M., Heuberger, M., Hufenus, R. and Nowack, B. 2020. Systematic 
Study of Microplastic Fiber Release from 12 Different Polyester Textiles during Washing. 
Environmental Science & Technology. 54(8), pp.4847–4855. 

Carney Almroth, B.M., Åström, L., Roslund, S., Petersson, H., Johansson, M. and Persson, N.-K. 
2018. Quantifying shedding of synthetic fibers from textiles; a source of microplastics 
released into the environment. Environmental Science and Pollution Research. 25(2), 
pp.1191–1199. 

Carpenter, E.J., Anderson, S.J., Harvey, G.R., Miklas, H.P. and Peck, B.B. 1972. Polystyrene 
Spherules in Coastal Waters. Science. 178(4062), pp.749–750. 

Carpenter, E.J. and Smith, K.L. 1972. Plastics on the Sargasso Sea Surface. Science. 175(4027), 
pp.1240–1241. 

Catarino, A.I., Macchia, V., Sanderson, W.G., Thompson, R.C. and Henry, T.B. 2018. Low levels of 
microplastics (MP) in wild mussels indicate that MP ingestion by humans is minimal 
compared to exposure via household fibres fallout during a meal. Environmental 

Pollution. 237, pp.675–684. 

Cesa, F.S., Turra, A. and Baruque-Ramos, J. 2017. Synthetic fibers as microplastics in the marine 
environment: A review from textile perspective with a focus on domestic washings. 
Science of The Total Environment. 598, pp.1116–1129. 

Cesa, F.S., Turra, A., Checon, H.H., Leonardi, B. and Baruque-Ramos, J. 2020. Laundering and 
textile parameters influence fibers release in household washings. Environmental 

Pollution. 257, p.113553. 

Chatterjee, S. and Sharma, S. 2019. Microplastics in our oceans and marine health [Online]. 
Field Action Science Reports. Available from: 
http://journals.openedition.org/factsreports/5257. 

Chen, G., Feng, Q. and Wang, J. 2020. Mini-review of microplastics in the atmosphere and their 
risks to humans. Science of The Total Environment. 703, p.135504. 

Chen, R. and Jakes, K.A. 2001. Cellulolytic Biodegradation of Cotton Fibers from a Deep-Ocean 
Environment. , p.14. 



Chu, H., Dong, B., Zhang, Y., Zhou, X. and Yu, Z. 2012. Pollutant removal mechanisms in a bio-
diatomite dynamic membrane reactor for micro-polluted surface water purification. 
Desalination. 293, pp.38–45. 

Cluzard, M., Kazmiruk, T.N., Kazmiruk, V.D. and Bendell, L.I. 2015. Intertidal Concentrations of 
Microplastics and Their Influence on Ammonium Cycling as Related to the Shellfish 
Industry. Archives of Environmental Contamination and Toxicology. 69(3), pp.310–319. 

Cole, M., Lindeque, P., Halsband, C. and Galloway, T.S. 2011. Microplastics as contaminants in 
the marine environment: A review. Marine Pollution Bulletin. 62(12), pp.2588–2597. 

Cora Ball 2022. Available from: https://coraball.com. 

De Falco, F., Cocca, M., Avella, M. and Thompson, R.C. 2020. Microfiber Release to Water, Via 
Laundering, and to Air, via Everyday Use: A Comparison between Polyester Clothing with 
Differing Textile Parameters. Environmental Science & Technology. 54(6), pp.3288–3296. 

De Falco, F., Cocca, M., Guarino, V., Gentile, G., Ambrogi, V., Ambrosio, L. and Avella, M. 2019. 
Novel finishing treatments of polyamide fabrics by electrofluidodynamic process to 
reduce microplastic release during washings. Polymer Degradation and Stability. 165, 
pp.110–116. 

De Falco, F., Gentile, G., Avolio, R., Errico, M.E., Di Pace, E., Ambrogi, V., Avella, M. and Cocca, 
M. 2018. Pectin based finishing to mitigate the impact of microplastics released by 
polyamide fabrics. Carbohydrate Polymers. 198, pp.175–180. 

De Falco, F., Gullo, M.P., Gentile, G., Di Pace, E., Cocca, M., Gelabert, L., Brouta-Agnésa, M., 
Rovira, A., Escudero, R., Villalba, R., Mossotti, R., Montarsolo, A., Gavignano, S., Tonin, C. 
and Avella, M. 2018. Evaluation of microplastic release caused by textile washing 
processes of synthetic fabrics. Environmental Pollution. 236, pp.916–925. 

Deena Titus, E., James Jebaseelan, S. and Selvaraj Mohana, R. 2019. Nanoparticle 
characterization techniques In: S. Ashutosh Kumar and I. Siavash, eds. Green Synthesis, 

Characterization and Applications of Nanoparticles [Online]. Elsevier. Available from: 
https://doi.org/10.1016/C2017-0-02526-0. 

deGruy, I.V., Carra, J.H., Tripp, V.W. and Rollins, M.L. 1962. Microscopical Observations of 
Abrasion Phenomena in Cotton. Textile Research Journal. 32(11), pp.873–882. 

Derraik, J.G.B. 2002. The pollution of the marine environment by plastic debris: a review. 
Marine Pollution Bulletin. 44(9), pp.842–852. 

Dris, R., Gasperi, J., Mirande, C., Mandin, C., Guerrouache, M., Langlois, V. and Tassin, B. 2017. 
A first overview of textile fibers, including microplastics, in indoor and outdoor 
environments. Environmental Pollution. 221, pp.453–458. 



Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N. and Tassin, B. 2015. Microplastic 
contamination in an urban area: a case study in Greater Paris. Environmental Chemistry. 
12(5), p.592. 

Dris, R., Gasperi, J., Saad, M., Mirande, C. and Tassin, B. 2016. Synthetic fibers in atmospheric 
fallout: A source of microplastics in the environment? Marine Pollution Bulletin. 104(1–
2), pp.290–293. 

Drumond Chequer, F.M., de Oliveira, G.A.R., Anastacio Ferraz, E.R., Carvalho, J., Boldrin Zanoni, 
M.V. and de Oliveir, D.P. 2013. Textile Dyes: Dyeing Process and Environmental Impact 
In: M. Gunay, ed. Eco-Friendly Textile Dyeing and Finishing [Online]. InTech. [Accessed 
10 January 2021]. Available from: http://www.intechopen.com/books/eco-friendly-
textile-dyeing-and-finishing/textile-dyes-dyeing-process-and-environmental-impact. 

ECHA, E.C.A. 2020. RAC backs restricting intentional uses of microplastics. Available from: 
https://echa.europa.eu/-/rac-backs-restricting-intentional-uses-of-
microplastics?utm_source=echa-
weekly&utm_medium=email&utm_campaign=weekly&utm_content=20200610. 

Ellen MacArthur Foundation 2017. A new textiles economy: Redesigning fashion’s future 
[Online]. Ellen MacArthur Foundation. Available from: 
http://www.ellenmacarthurfoundation.org/publications. 

Elmogahzy, Y. 2008. Development of technical textile products: materials and applications. In: 
Engineering textiles. Integrating the design and manufacture of textile products. 
Woodhead Publishing Series in Textiles. Elsevier Science, pp.398–434. 

Environmental Enhancements 2020. Available from: 
https://environmentalenhancements.com/home/index.php. 

Eschenbacher, W.L., Kreiss, K., Lougheed, M.D., Pransky, G.S., Day, B. and Castellan, R.M. 1999. 
Nylon Flock–Associated Interstitial Lung Disease. American Journal of Respiratory and 

Critical Care Medicine. 159(6), pp.2003–2008. 

Eunomia 2016. Plastics in the Marine Environment [Online]. Bristol, U.K.: Eunomia Research & 
Consulting Ltd. Available from: www.eunomia.co.uk/reports-tools/plastics-in-the-
marine-en- vironment/. 

European Parliament and Council 2019. DIRECTIVE (EU) 2019/904 OF THE EUROPEAN 

PARLIAMENT AND OF THE COUNCIL of 5 June 2019 on the reduction of the impact of 

certain plastic products on the environment (Text with EEA relevance). 

Fendall, L.S. and Sewell, M.A. 2009. Contributing to marine pollution by washing your face: 
Microplastics in facial cleansers. Marine Pollution Bulletin. 58(8), pp.1225–1228. 



Folkö, A. 2015. Quantification and characterization of fibers emitted from common synthetic 
materials during washing. , p.20. 

Fontana, G.D. 2020. Assessment of microplastics release from polyester fabrics: The impact of 
different washing conditions. Environmental Pollution., p.6. 

Forster, N.A., Tighe, M.K. and Wilson, S.C. 2020. Microplastics in soils of wilderness areas: What 
is the significance of outdoor clothing and footwear? Geoderma. 378, p.114612. 

Gago, J., Carretero, O., Filgueiras, A.V. and Viñas, L. 2018. Synthetic microfibers in the marine 
environment: A review on their occurrence in seawater and sediments. Marine Pollution 

Bulletin. 127, pp.365–376. 

Galvão, A., Aleixo, M., De Pablo, H., Lopes, C. and Raimundo, J. 2020. Microplastics in 
wastewater: microfiber emissions from common household laundry. Environmental 

Science and Pollution Research. 27(21), pp.26643–26649. 

Garcia-Segura, S., Eiband, M.M.S.G., de Melo, J.V. and Martínez-Huitle, C.A. 2017. 
Electrocoagulation and advanced electrocoagulation processes: A general review about 
the fundamentals, emerging applications and its association with other technologies. 
Journal of Electroanalytical Chemistry. 801, pp.267–299. 

Gasperi, J., Wright, S.L., Dris, R., Collard, F., Mandin, C., Guerrouache, M., Langlois, V., Kelly, F.J. 
and Tassin, B. 2018. Microplastics in air: Are we breathing it in? Current Opinion in 

Environmental Science & Health. 1, pp.1–5. 

Gatidou, G., Arvaniti, O.S. and Stasinakis, A.S. 2019. Review on the occurrence and fate of 
microplastics in Sewage Treatment Plants. Journal of Hazardous Materials. 367, pp.504–
512. 

Gaylarde, C., Baptista-Neto, J.A. and da Fonseca, E.M. 2021. Plastic microfibre pollution: how 
important is clothes’ laundering? Heliyon. 7(5), p.e07105. 

GESAMP 2015. Sources Fate and Effects of Microplastics in the Marine Environment: A Global 

Assessment. IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group 
of Experts on the Scientific Aspects of Marine Environmental Protection. 

GESAMP 2016. Sources Fate and Effects of Microplastics in the Marine Environment: A Global 

Assessment. Part II. IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint 
Group of Experts on the Scientific Aspects of Marine Environmental Protection. 

Gregory, M.R. 1996. Plastic ‘scrubbers’ in hand cleansers: a further (and minor) source for 
marine pollution identified. Marine Pollution Bulletin. 32(12), pp.867–871. 

Gregory, M.R. and Andrady, A.L. 2003. Plastics in the marine environment. In: A. L. Andrady, ed. 
Plastics and the environment. John Wiley & Sons Ltd., pp.379–402. 



Guppyfriend 2022. Available from: https://en.guppyfriend.com. 

Haap, Classen, Beringer, Mecheels, and Gutmann 2019. Microplastic Fibers Released by Textile 
Laundry: A New Analytical Approach for the Determination of Fibers in Effluents. Water. 
11(10), p.2088. 

Hann, S., Sherrington, C., Jamieson, O., Hickman, M., Kershaw, P., Bapasola, A. and Cole, G. 
2018. Investigating options for reducing releases in the aquatic environment of 
microplastics emitted by (but not intentionally added in) products. Final Report. 
Eunomia Research and Consulting., p.335. 

Hartline, N.L., Bruce, N.J., Karba, S.N., Ruff, E.O., Sonar, S.U. and Holden, P.A. 2016. Microfiber 
Masses Recovered from Conventional Machine Washing of New or Aged Garments. 
Environmental Science & Technology. 50(21), pp.11532–11538. 

Hartmann, N.B., Hüffer, T., Thompson, R.C., Hassellöv, M., Verschoor, A., Daugaard, A.E., Rist, 
S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, N.P., Lusher, 
A.L. and Wagner, M. 2019. Are We Speaking the Same Language? Recommendations for 
a Definition and Categorization Framework for Plastic Debris. Environmental Science & 

Technology. 53(3), pp.1039–1047. 

Henry, B., Laitala, K. and Klepp, I.G. 2019. Microfibres from apparel and home textiles: 
Prospects for including microplastics in environmental sustainability assessment. Science 

of The Total Environment. 652, pp.483–494. 

Herbort, A.F., Sturm, M.T., Fiedler, S., Abkai, G. and Schuhen, K. 2018. Alkoxy-silyl Induced 
Agglomeration: A New Approach for the Sustainable Removal of Microplastic from 
Aquatic Systems. Journal of Polymers and the Environment. 26(11), pp.4258–4270. 

Herbort, A.F., Sturm, M.T. and Schuhen, K. 2018. A new approach for the agglomeration and 
subsequent removal of polyethylene, polypropylene, and mixtures of both from 
freshwater systems – a case study. Environmental Science and Pollution Research. 
25(15), pp.15226–15234. 

Hernandez, E., Nowack, B. and Mitrano, D.M. 2017. Polyester Textiles as a Source of 
Microplastics from Households: A Mechanistic Study to Understand Microfiber Release 
During Washing. Environmental Science & Technology. 51(12), pp.7036–7046. 

Hernandez, L.M., Xu, E.G., Larsson, H.C.E., Tahara, R., Maisuria, V.B. and Tufenkji, N. 2019. 
Plastic Teabags Release Billions of Microparticles and Nanoparticles into Tea. 
Environmental Science & Technology. 53(21), pp.12300–12310. 

Hüffer, T., Metzelder, F., Sigmund, G., Slawek, S., Schmidt, T.C. and Hofmann, T. 2019. 
Polyethylene microplastics influence the transport of organic contaminants in soil. 
Science of The Total Environment. 657, pp.242–247. 



Hunter, L. 2009. Pilling of fabrics and garments. In: J. Fan and L. Hunter, eds. Engineering 

apparel fabrics and garments. Series in textiles. United Kingdom: Woodhead Publishing, 
pp.71–86. 

Innovation in Textiles 2021. Potential of washing machine lint as energy. 

James Heal 2021. GyroWash. Available from: https://www.james-heal.co.uk/wp-
content/uploads/2018/01/GyroWash-Flyer.pdf. 

Jönsson, C., Levenstam Arturin, O., Hanning, A.-C., Landin, R., Holmström, E. and Roos, S. 2018. 
Microplastics Shedding from Textiles—Developing Analytical Method for Measurement 
of Shed Material Representing Release during Domestic Washing. Sustainability. 10(7), 
p.2457. 

Kelly, M.R., Lant, N.J., Kurr, M. and Burgess, J.G. 2019. Importance of Water-Volume on the 
Release of Microplastic Fibers from Laundry. Environmental Science & Technology. 
53(20), pp.11735–11744. 

Klein, M. and Fischer, E.K. 2019. Microplastic abundance in atmospheric deposition within the 
Metropolitan area of Hamburg, Germany. Science of The Total Environment. 685, pp.96–
103. 

Klein, W. 1987. A practical guide to ring spinning. Manchester, U.K.: The Textile Institute. 

Lacasse, K. and Baumann, Werner. 2004. Textile Chemicals. Environmental Data and Facts. 1st 
ed. Berlin, Heidelberg: Springer-Verlag Berlin Heidelberg. 

Ladewig, S.M., Bao, S. and Chow, A.T. 2015. Natural Fibers: A Missing Link to Chemical Pollution 
Dispersion in Aquatic Environments. Environmental Science & Technology. 49(21), 
pp.12609–12610. 

Lai, C.Y., Groth, A., Gray, S. and Duke, M. 2014. Enhanced abrasion resistant PVDF/nanoclay 
hollow fibre composite membranes for water treatment. Journal of Membrane Science. 
449, pp.146–157. 

Lambert, S. and Wagner, M. 2017. Environmental performance of bio-based and biodegradable 
plastics: the road ahead. Chemical Society Reviews. 46(22), pp.6855–6871. 

Laskar, N. and Kumar, U. 2019. Plastics and microplastics: A threat to environment. 
Environmental Technology & Innovation. 14, p.100352. 

Lassen, C., Foss Hansen, S., Magnusson, K., Noren, F., Bloch Hartmann, N.I., Rehne Jensen, P., 
Gisel Nielsen, T. and Brinch, A. 2015. Microplastics : Occurrence, effects and sources of 
releases to the environment in Denmark (The Danish Environmental Protection Agency). 
The Danish Environmental Protection Agency. 



Lau, L. and Fan, J. 2009. Laundry Performance of Fabrics and Garments In: J. Fan and L. Hunter, 
eds. Engineering apparel fabrics and garments. Series in textiles. United Kingdom: 
Woodhead Publishing Limited, pp.339–360. 

Li, L., Xu, G., Yu, H. and Xing, J. 2018. Dynamic membrane for micro-particle removal in 
wastewater treatment: Performance and influencing factors. Science of The Total 

Environment. 627, pp.332–340. 

Liebezeit, G. and Liebezeit, E. 2014. Synthetic particles as contaminants in German beers. Food 

Additives & Contaminants: Part A. 31(9), pp.1574–1578. 

Liu, K., Wang, X., Fang, T., Xu, P., Zhu, L. and Li, D. 2019. Source and potential risk assessment of 
suspended atmospheric microplastics in Shanghai. Science of The Total Environment. 
675, pp.462–471. 

Lozano, Y.M. and Rillig, M.C. 2020. Effects of Microplastic Fibers and Drought on Plant 
Communities. Environmental Science & Technology., acs.est.0c01051. 

Masiá, P., Sol, D., Ardura, A., Laca, Amanda, Borrell, Y.J., Dopico, E., Laca, Adriana, Machado-
Schiaffino, G., Díaz, M. and Garcia-Vazquez, E. 2020. Bioremediation as a promising 
strategy for microplastics removal in wastewater treatment plants. Marine Pollution 

Bulletin. 156, p.111252. 

Mason, S.A., Garneau, D., Sutton, R., Chu, Y., Ehmann, K., Barnes, J., Fink, P., Papazissimos, D. 
and Rogers, D.L. 2016. Microplastic pollution is widely detected in US municipal 
wastewater treatment plant effluent. Environmental Pollution. 218, pp.1045–1054. 

McAllister, C.D., Parsons, T.R. and Strickland, J.D.H. 1960. Primary Productivity and Fertility at 
Station ’ in the North-East Pacific Ocean. ICES Journal of Marine Science. 25(3), pp.240–
259. 

McIlwraith, H.K., Lin, J., Erdle, L.M., Mallos, N., Diamond, M.L. and Rochman, C.M. 2019. 
Capturing microfibers – marketed technologies reduce microfiber emissions from 
washing machines. Marine Pollution Bulletin. 139, pp.40–45. 

Michielssen, M.R., Michielssen, E.R., Ni, J. and Duhaime, M.B. 2016. Fate of microplastics and 
other small anthropogenic litter (SAL) in wastewater treatment plants depends on unit 
processes employed. Environmental Science: Water Research & Technology. 2(6), 
pp.1064–1073. 

Militky, J. and Ibrahim, S. 2009. Effect of textile processing on fatigue In: M. Miraftab, ed. 
Fatigue failure of textiles fibres. Series in textiles. Technical University of LIBEREC, Czech 
Republic.: Woodhead Publishing Limited, pp.169–187. 



Mohamed Nor, N.H., Kooi, M., Diepens, N.J. and Koelmans, A.A. 2021. Lifetime Accumulation of 
Microplastic in Children and Adults. Environmental Science & Technology., 
acs.est.0c07384. 

Murphy, F., Ewins, C., Carbonnier, F. and Quinn, B. 2016. Wastewater Treatment Works 
(WwTW) as a Source of Microplastics in the Aquatic Environment. Environmental science 

& technology. 50(11), pp.5800–5808. 

Napper, I.E., Barrett, A.C. and Thompson, R.C. 2020. The efficiency of devices intended to 
reduce microfibre release during clothes washing. Science of The Total Environment. 
738, p.140412. 

Napper, I.E. and Thompson, R.C. 2016. Release of synthetic microplastic plastic fibres from 
domestic washing machines: Effects of fabric type and washing conditions. Marine 

Pollution Bulletin. 112(1–2), pp.39–45. 

Nematollahi, M.J., Zarei, F., Keshavarzi, B., Zarei, M., Moore, F., Busquets, R. and Kelly, F.J. 
2022. Microplastic occurrence in settled indoor dust in schools. Science of The Total 

Environment. 807, p.150984. 

Okubayashi, S. and Bechtold, T. 2005. A Pilling Mechanism of Man-Made Cellulosic Fabrics—
Effects of Fibrillation. Textile Research Journal. 75(4), pp.288–292. 

Özkan, İ. and Gündoğdu, S. 2021. Investigation on the microfiber release under controlled 
washings from the knitted fabrics produced by recycled and virgin polyester yarns. The 

Journal of The Textile Institute. 112(2), pp.264–272. 

Palacios-Marín, A.V. 2019. Release of microfibres from comparative common textile structures 

during laundering. Master of Science by Research, United Kingdom: University of Leeds. 

Palacios-Marín, A.V., Jabbar, A. and Tausif, M. 2022. Fragmented fiber pollution from common 
textile materials and structures during laundry. Textile Research Journal., p.11. 

Palacios-Mateo, C., van der Meer, Y. and Seide, G. 2021. Analysis of the polyester clothing value 
chain to identify key intervention points for sustainability. Environmental Sciences 

Europe. 33(1), p.2. 

Parton, K.J., Godley, B.J., Santillo, D., Tausif, M., Omeyer, L.C.M. and Galloway, T.S. 2020. 
Investigating the presence of microplastics in demersal sharks of the North-East Atlantic. 
Scientific Reports. 10(1), p.12204. 

Pauly, J.L., Stegmeier, S.J., Cheney, R.T., Zhang, P.J., Streck, R.J., Allaart, H.A. and Mayer, A.G. 
1998. Inhaled Cellulosic and Plastic Fibers Found in Human Lung Tissue. Cancer 

Epidemiology. 7, pp.419–428. 



PerkinElmer 2021. Optimizing the Workflow for Microplastic Analysis by FT-IR Microscopy 
[Online]. PerkinElmer, Inc. Available from: 
https://pki.showpad.com/share/LuBtXIp0Ofvo7KuWlzSxi/2. 

Perren, W., Wojtasik, A. and Cai, Q. 2018. Removal of Microbeads from Wastewater Using 
Electrocoagulation. ACS Omega. 3(3), pp.3357–3364. 

Pirc, U., Vidmar, M., Mozer, A. and Kržan, A. 2016. Emissions of microplastic fibers from 
microfiber fleece during domestic washing. Environmental Science and Pollution 

Research. 23(21), pp.22206–22211. 

PlanetCare 2020. Available from: https://planetcare.org. 

POLARTEC 2018. Polartec introduces first fabric technology engineered to reduce fiber 
shedding: Polartec® Power AirTM. Available from: 
https://www.polartec.com/news/polartec-introduces-first-fabric-technology-
engineered-to-reduce-fiber-shedding-polartec-power-air. 

Prata, J.C. 2018. Airborne microplastics: Consequences to human health? Environmental 

Pollution. 234, pp.115–126. 

Prata, J.C., da Costa, J.P., Lopes, I., Duarte, A.C. and Rocha-Santos, T. 2020. Environmental 
exposure to microplastics: An overview on possible human health effects. Science of The 

Total Environment. 702, p.134455. 

Rillig, M.C., Ziersch, L. and Hempel, S. 2017. Microplastic transport in soil by earthworms. 
Scientific Reports. 7(1), p.1362. 

Rios Mendoza, L.M., Karapanagioti, H. and Álvarez, N.R. 2018. Micro(nanoplastics) in the 
marine environment: Current knowledge and gaps. Current Opinion in Environmental 

Science & Health. 1, pp.47–51. 

Roy Choudhury, A.K. 2017. Introduction to finishing In: Principles of Textile Finishing [Online]. 
Elsevier, pp.1–19. [Accessed 28 December 2020]. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/B9780081006467000011. 

Ryan, P.G. 2015. A Brief History of Marine Litter Research In: M. Bergmann, L. Gutow, M. 
Klages, Alfred-Wegener-Institut and Göteborgs universitet, eds. Marine anthropogenic 

litter. Springer Open. Cham Heidelberg New York Dordrecht London: Springer, pp.1–25. 

Ryan, P.G., Moore, C.J., van Franeker, J.A. and Moloney, C.L. 2009. Monitoring the abundance 
of plastic debris in the marine environment. Philosophical Transactions of the Royal 

Society B: Biological Sciences. 364(1526), pp.1999–2012. 



Sait, S.T.L., Sørensen, L., Kubowicz, S., Vike-Jonas, K., Gonzalez, S.V., Asimakopoulos, A.G. and 
Booth, A.M. 2021. Microplastic fibres from synthetic textiles: Environmental 
degradation and additive chemical content. Environmental Pollution. 268, p.115745. 

SAPEA 2019. A Scientific Perspective on Microplastics in Nature and Society [Online]. DE: Science 
Advice for Policy by European Academies. [Accessed 15 February 2021]. Available from: 
https://doi.org/10.26356/microplastics. 

Seltenrich, N. 2015. New Link in the Food Chain? Marine Plastic Pollution and Seafood Safety. 
Environmental Health Perspectives. 123(2). 

Sillanpää, M. and Sainio, P. 2017. Release of polyester and cotton fibers from textiles in 
machine washings. Environmental Science and Pollution Research. 24(23), pp.19313–
19321. 

Singh, R.P., Mishra, S. and Das, A.P. 2020. Synthetic microfibers: Pollution toxicity and 
remediation. Chemosphere. 257, p.127199. 

Smith, M., Love, D.C., Rochman, C.M. and Neff, R.A. 2018. Microplastics in Seafood and the 
Implications for Human Health. Current Environmental Health Reports. 5(3), pp.375–
386. 

Sol, D., Laca, Amanda, Laca, Adriana and Díaz, M. 2021. Microplastics in Wastewater and 
Drinking Water Treatment Plants: Occurrence and Removal of Microfibres. Applied 

Sciences. 11(21), p.10109. 

Stanton, T., Johnson, M., Nathanail, P., MacNaughtan, W. and Gomes, R.L. 2019. Freshwater 
and airborne textile fibre populations are dominated by ‘natural’, not microplastic, 
fibres. Science of The Total Environment. 666, pp.377–389. 

Sundt, P., Schulze, P.-E. and Syversen, F. 2014. Sources of microplastics-pollution to the marine 

environment. Mepex for the Norwegian Environment Agency. 

Talvitie, J., Mikola, A., Koistinen, A. and Setälä, O. 2017. Solutions to microplastic pollution – 
Removal of microplastics from wastewater effluent with advanced wastewater 
treatment technologies. Water Research. 123, pp.401–407. 

Talvitie, J., Mikola, A., Setälä, O., Heinonen, M. and Koistinen, A. 2017. How well is microlitter 
purified from wastewater? – A detailed study on the stepwise removal of microlitter in a 
tertiary level wastewater treatment plant. Water Research. 109, pp.164–172. 

Tangermann, V. 202AD. SCIENTISTS FIND MICROPLASTICS INSIDE HUMAN ORGANS. NEOSCOPE. 
[Online]. Available from: https://futurism.com/neoscope/scientists-microplastics-inside-
human-organs. 



Tasneem, S. 2018. Fibers used for high-performance apparel. In: J. McLoughlin and S. Tasneem, 
eds. High-Performance Apparel. Materials, Development and Applications. [Online]. The 
Textile Institute Book Series. United Kingdom: Woodhead Publishing., pp.7–32. Available 
from: https://doi.org/10.1016/B978-0-08-100904-8.00002-X. 

Tausif, M., Cassidy, T. and Butcher, I. 2018. Yarn and thread manufacturing methods for high-
performance apparel. In: J. McLoughlin and S. Tasneem, eds. High-Performance Apparel. 

Materials, Development and Applications. The Textile Institute Book Series. United 
Kingdom: Woodhead Publishing., pp.89–167. 

Thompson, R.C. 2015. Microplastics in the Marine Environment: Sources, Consequences and 
Solutions In: M. Bergmann, L. Gutow, M. Klages, Alfred-Wegener-Institut and Göteborgs 
universitet, eds. Marine anthropogenic litter. Springer Open. Cham Heidelberg New York 
Dordrecht London: Springer, pp.185–200. 

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W., McGonigle, D. and 
Russell, A.E. 2004. Lost at Sea: Where Is All the Plastic? Science. 304(5672), p.838. 

Tyagi, G.K. 2010. Yarn structure and properties from different spinning techniques In: C. A. 
Lawrence, ed. Advances in yarn spinning technology. Series in textiles. United Kingdom: 
Woodhead Publishing Limited, pp.119–154. 

Ukponmwan, J.O., Mukhopadhyay, A. and Chatterjee, K.N. 1998. PILLING. Textile Progress. 
28(3), pp.1–57. 

UNESCO 2017. Facts and Figures on Marine Pollution. Available from: 
http://www.unesco.org/new/ en/natural-sciences/ioc-oceans/focus-areas/rio-20-
ocean/blueprint-for-the- future-we-want/marine-pollution/facts-and-figures-on-marine-
pollution/. 

Volgare, M., De Falco, F., Avolio, R., Castaldo, R., Errico, M.E., Gentile, G., Ambrogi, V. and 
Cocca, M. 2021. Washing load influences the microplastic release from polyester fabrics 
by affecting wettability and mechanical stress. Scientific Reports. 11(1), p.19479. 

Wakeham, H. 1955. Cotton Fiber Length Distribution— An Important Quality Factor. Textile 

Research Journal. 25(5), pp.422–429. 

Wei, W., Huang, Q.-S., Sun, J., Dai, X. and Ni, B.-J. 2019. Revealing the Mechanisms of 
Polyethylene Microplastics Affecting Anaerobic Digestion of Waste Activated Sludge. 
Environmental Science & Technology. 53(16), pp.9604–9613. 

Wei, W., Zhang, Y.-T., Huang, Q.-S. and Ni, B.-J. 2019. Polyethylene terephthalate microplastics 
affect hydrogen production from alkaline anaerobic fermentation of waste activated 
sludge through altering viability and activity of anaerobic microorganisms. Water 

Research. 163, p.114881. 



Wright, S.L. and Kelly, F.J. 2017. Plastic and Human Health: A Micro Issue? Environmental 

Science & Technology. 51(12), pp.6634–6647. 

Xeros 2020. Available from: https://www.xerostech.com/technologies#xfiltra. 

Xu, Yuyao, Chan, F.K.S., Stanton, T., Johnson, M.F., Kay, P., He, J., Wang, J., Kong, C., Wang, Z., 
Liu, D. and Xu, Yaoyang 2021. Synthesis of dominant plastic microfibre prevalence and 
pollution control feasibility in Chinese freshwater environments. Science of The Total 

Environment. 783, p.146863. 

Yang, L., Qiao, F., Lei, K., Li, H., Kang, Y., Cui, S. and An, L. 2019. Microfiber release from 
different fabrics during washing. Environmental Pollution. 249, pp.136–143. 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Cheng, J.J. and Venditti, R.A. 2019. 
Microfibers generated from the laundering of cotton, rayon and polyester based fabrics 
and their aquatic biodegradation. Marine Pollution Bulletin. 142, pp.394–407. 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Goller, C.C. and Venditti, R.A. 2020. 
Aerobic biodegradation in freshwater and marine environments of textile microfibers 
generated in clothes laundering: Effects of cellulose and polyester-based microfibers on 
the microbiome. Marine Pollution Bulletin. 151, p.110826. 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M. and Venditti, R.A. 2021a. Impact of dyes 
and finishes on the aquatic biodegradability of cotton textile fibers and microfibers 
released on laundering clothes: Correlations between enzyme adsorption and activity 
and biodegradation rates. Marine Pollution Bulletin. 165, p.112030. 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M. and Venditti, R.A. 2021b. Impact of dyes 
and finishes on the microfibers released on the laundering of cotton knitted fabrics. 
Environmental Pollution. 272, p.115998. 

Zhang, G.S. and Liu, Y.F. 2018. The distribution of microplastics in soil aggregate fractions in 
southwestern China. Science of The Total Environment. 642, pp.12–20. 

Zhang, Q., Zhao, Y., Du, F., Cai, H., Wang, G. and Shi, H. 2020. Microplastic Fallout in Different 
Indoor Environments. Environmental Science & Technology. 54(11), pp.6530–6539. 

Zhang, Y., Kang, S., Allen, S., Allen, D., Gao, T. and Sillanpää, M. 2020. Atmospheric 
microplastics: A review on current status and perspectives. Earth-Science Reviews. 203, 
p.103118. 

Zhang, Z. and Chen, Y. 2020. Effects of microplastics on wastewater and sewage sludge 
treatment and their removal: A review. Chemical Engineering Journal. 382, p.122955. 

Zitko, V. and Hanlon, M. 1991. Another source of pollution by plastics: Skin cleaners with plastic 
scrubbers. Marine Pollution Bulletin. 22(1), pp.41–42. 



Zubris, K.A.V. and Richards, B.K. 2005. Synthetic fibers as an indicator of land application of 
sludge. Environmental Pollution. 138(2), pp.201–211. 

 


