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Abstract

Synthetic microfibers are found virtually everywhere in the environment, but emission path-

ways and quantities are poorly understood. By connecting regionalized global datasets on

apparel production, use, and washing with emission and retention rates during washing,

wastewater treatment, and sludge management, we estimate that 5.6 Mt of synthetic micro-

fibers were emitted from apparel washing between 1950 and 2016. Half of this amount was

emitted during the last decade, with a compound annual growth rate of 12.9%. Waterbodies

received 2.9 Mt, while combined emissions to terrestrial environments (1.9 Mt) and landfill

(0.6 Mt) were almost as large and are growing. Annual emissions to terrestrial environments

(141.9 kt yr-1) and landfill (34.6 kt yr-1) combined are now exceeding those to waterbodies

(167.2 kt yr-1). Improving access to wastewater treatment is expected to further shift syn-

thetic microfiber emissions from waterbodies to terrestrial environments. Preventing emis-

sions at the source would therefore be a more effective mitigation measure.

Introduction

Plastic pollution has emerged as a key environmental issue in recent years. Global production

and use of plastics, or synthetic polymers, has grown at a compound annual growth rate of

8.3% since the beginning of mass production around 1950 [1]. Annual plastic production has

surpassed the output of most other man-made materials [1]. Half of all plastics ever made by

humankind were produced in the last 13 years [2]. Between 1950 and 2017 an estimated 9,200

million metric tonnes (Mt) of virgin plastics were produced, of which 5,300 Mt were discarded

in landfills, dumps, or the natural environment [2].

Synthetic fibers make up 14% of global plastics production [2] and can generate synthetic

microfibers through fragmentation and degradation [3–8]. Synthetic microfibers are consid-

ered a type of microplastic, which is typically defined by the longest dimension being less than

5mm [9]. Microplastics have raised concerns due to their increased bioavailability, impacts on

low-trophic organisms through the uptake of toxic chemicals [3,10,11], and increased risk of

mortality due to ingestion [12]. Microfibers constitute a significant fraction of microplastics

accumulating in freshwater [13,14], marine [10,15], coastal [6,16], terrestrial [17–19], and arc-

tic ecosystems [20] where they pose risks to aquatic organisms and terrestrial biodiversity
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[12,21–24]. Humans are also impacted by the inhalation of airborne microfibers and con-

sumption of microfibers found in common foods such as water, alcohol, seafood, sugar, and

honey [25,26]. Current literature suggests that microfibers may bioaccumulate in the lungs

and trigger inflammation, however, the human health impacts are not well understood [27].

Apparel washing has been established as a major source of synthetic microfiber emissions

[3–8]. Quantifying the amount of synthetic microfibers emitted to the environment, however,

has been challenging due to large gaps in data and the global scale of emissions. Fibers in cloth-

ing undergo mechanical fragmentation during the washing process, thereby releasing microfi-

bers [3,28]. Various factors influence microfiber release rates, including garment age [3],

washing machine type [3,7], and detergent use [4,5,7]. While previous studies focus on wash-

ing machine emissions, a significant fraction of global apparel washing is done by hand, from

which lower shed rates are expected as compared to machine washing. Laundry effluent con-

veys microfibers into wastewater streams and is either processed by wastewater treatment

plants (WWTPs) or emitted directly into the natural environment [6]. Wastewater treatment

plants with preliminary, primary, and secondary treatment can remove up to 98–99% of

microfibers which are then retained in WWTP biosolids [29–37]. Biosolids are commonly

used as soil amendments, providing a route for synthetic microfibers into terrestrial environ-

ments where they can remain detectable in soils for up to fifteen years after application

[17,18,38]. Microfibers that are not removed during treatment typically fall within the smallest

size range and are ejected into receiving fresh or marine waterbodies [33].

This study presents a global material flow analysis of synthetic microfiber release from

apparel washing covering the period from 1950 to 2016, i.e. from the beginning of mass pro-

duction of synthetic fibers to the present. We take a new approach, using time-dependent

modeling of regional in-use stocks of synthetic fibers in apparel and shed rates during the

washing process that distinguish between hand and machine washing by region. Furthermore,

we compile regional wastewater treatment data in order to estimate the quantity of microfibers

that end up in untreated wastewater, treated effluents, and biosolids from treatment plants.

The final step incorporates biosolid management data and estimates how much of the syn-

thetic microfibers from apparel washing enters four initial compartments: fresh and marine

waterbodies, terrestrial environments, landfills, and incineration (S1 Fig in S1 File). For this

analysis, we group fresh and marine waterbodies into one category which will be referred to as

“waterbodies” throughout the text below.

Methods

Our calculations were based on: (i) global apparel production by year, (ii) regionalized global

consumption and in-use stock estimates, (iii) regionalized end-of-life apparel estimates, (iv)

estimates of microfiber emissions from apparel washing, and (v) the fate of microfiber emitted

from washing considering the regional share of wastewater treated and the fate of sludge from

wastewater treatment plants (S1 Fig in S1 File). What follows is an elaboration of each step.

Annual global apparel production

Global synthetic fiber production data from 1980 to 2016 were generated by reconciling multi-

ple global data sources including The Fiber Year 2017, PCI WoodMackenzie, and Orbichem

Final [39–41]. These data sets were combined by taking the mean values. To estimate synthetic

fiber production from 1950–1980, synthetic fiber’s share of total plastic production from

1980–1990 was calculated. The share varied between 14% and 16% with an average of 15%.

The value of 15% was used to calculated total fiber production as share of total plastic produc-

tion for 1950–1980 from existing data [1]. Each fiber type’s average share of total fiber
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production from 1980–1990 was calculated and showed little variation. The average fiber type

shares were used to calculate the amount of each fiber type produced from our total fiber pro-

duction data from 1950–1980 (S1 Data in S2 File).

Next, we estimated the mass of synthetic fibers used for apparel production (S1 Data in S2

File). Market segmentation data for polyester and nylon were used as a proxy to represent the

market segmentation of all synthetic fibers from 1990 to 2016 [41]. We then used linear regres-

sion to estimate the market segmentation between 1950 and 1990. To differentiate between

fiber types, we set the mass of each fiber type present in apparel to be proportional to the mass

of each fiber type produced annually (S1 Data in S2 File). During apparel production, fiber

losses occur from fabric cutting, trimming, and mistakes [42]. The amount of fiber lost during

the apparel production process is estimated to be 10% to 15% of all fiber used [43,44]. For this

study, the value for the amount of fiber lost during apparel production was set at 20% in order

to keep the final results conservative. A sensitivity analysis was conducted in order to test the

impact of this parameter on our results (see S1 File.).

Regional consumption and in-use stock estimates

This analysis divides the world into the following regions: North America, Western Europe,

Eastern Europe, South and South East Asia, China, and the rest of the world (ROW) which

encompasses Latin America, Africa, the Middle East, and Australasia. Time-series regional

apparel demand data, which are not publicly available, were acquired from a market research

company and were cross-checked with publicly available total production values [41]. These

data spanned years 1990–2017 with projections to year 2030. We were unable to access any

regional time-series apparel demand data of this sort prior to year 1990, nor were we able to

make informed estimations of regional demand trends prior to year 1990. For these reasons,

the percentages reported in year 1990, our nearest data point, were held constant and projected

backwards to estimate each region’s apparel demand for years 1950 to 1989 (S2 Data in S2

File).

Apparel reaching its end of life

Apparel use was characterized by a discretized log-normal distribution, LTD(j), which denotes

the fraction of synthetic fibers in apparel used for j years [45] (S1 Data in S2 File). The mean

lifetime value of clothing is set at 5 years with a standard deviation (SD) of 1.5 [46]. The total

amount of synthetic fiber waste in end-of-life apparel AW generated in year t was calculated

as:

AWðtÞ ¼
X67

j¼1
APðt � jÞ � LTDðjÞ

In this above equation, AP is apparel production.

We then calculated the global annual in-use stock of synthetic fibers in apparel AiS(t) by

adding annual apparel production and subtracting annual apparel waste from the in-use stock

of the previous year (S1 Data in S2 File):

AiSðtÞ ¼ AiSðt � 1Þ þ APðtÞ � AWðtÞ

Machine vs. hand washing

To determine the amount of apparel hand washed vs. machine washed each year, we adopted a

washing machine technology diffusion model to determine the percentage of households in

each region that owned washing machines [47] (S3 Data in S2 File). The results produced by

this model were calibrated with existing washing machine ownership data found in literature
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by adjusting the input parameters for each country to fit the country-level washing machine

ownership data available [48–54]. This diffusion relationship follows a logistic function given

by:

Diffc ¼
a

1þ geðbincIcþbelecEcÞe
þ ε

For this equation: Diffc is the diffusion of the appliance for country c, α is the saturation

level, which is equal to 1 in the case of washing machines [47], Ic is the household income

given by GDP divided by the number of households in the country [55,56], Ec is the electrifica-

tion rate [57], and ε is the error term which is 3.5% for washing machines [47]. The original

parameter values are βinc = -3.5E-05, βelec = -8.98, and ln γ = 8.91 [47] which were adjusted in

such a way that the sum of distances between the available washing machine ownership data

points and the logistic function is minimized for each country.

Washing frequency

We created an annual washing frequency model for the top 30 consuming countries by com-

paring each country’s washing capacity to their washable stock. The washable stock represents

the fraction of clothing in a given country that is active, meaning it has been worn within the

past 12 months and is washed. According to published literature, 28–30% of in-use apparel is

considered inactive [58]. To keep our estimates conservative, we assumed that 25% of clothing

is inactive. A sensitivity analysis was conducted for the percentage of clothing that is inactive

(see S1 File). We took the mean washing frequency value across all 30 countries to generate

one universal washing frequency value denoted by f. While the washing frequency model

focuses on machine washing only, we applied the same washing frequency value for machine

washing and hand washing.

The washing frequency for country c, (fc), was calculated as:

fc ¼
Hc �Wc � Lc

Tc � 0:75

The numerator of this equation represents the washing capacity of country c; Hc represents

the number of households in country c that own washing machines, Wc is the number of

washes per households per year [58], and Lc is the average load capacity [58] of country c. In

the denominator, Tc is the in-use stock of country c that is washed by washing machine (S2

Data in S2 File), and 0.75 is the fraction of apparel that is considered active and able to be

washed.

Microfiber shedding during washing

Microfiber shed rates from washing machines were gathered from published literature that

reported microfiber shedding in units of mass lost per total mass of garment [3,6]. Determin-

ing the average microfiber mass loss of machine-washed garments indicates that microfibers

shed at a rate of 0.34 kg per tonne washed [3,4,8,59]. Hand washing shed rates were unavailable

due to lack of data. For this reason, we set the hand washing shed rate at 50% of the machine

washing shed rate and conducted a sensitivity analysis with a hand wash shed rate that was

25% and 75% of the machine-washing shed rate (see S1 File).

The mass of microfibers shed for each country was calculated as:

mc ¼ ðSc � 0:75�Mc � f � rmÞ þ ðSc � 0:75� ð1 � McÞ � f � rhÞ
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In this equation, mc is the mass of synthetic microfibers shed in country c, Sc is the apparel

stock of country c, 0.75 is the fraction of the apparel stock that is active, Mc is the percentage of

households owning washing machines in country c, f is the washing frequency, rm is the

machine wash shed rate, rh is the hand wash shed rate.

Percentage of laundry effluent treated and untreated

Microfibers shed from washing are conveyed by laundry effluent into the wastewater stream

[3,6]. Data reporting the percentage of each country’s residential population connected to

wastewater treatment was used as a proxy for the percentage of wastewater treated in each

region [60–62]. Synthetic microfibers retained in untreated wastewater were assumed to

directly enter waterbodies. Wastewater data was sparsely available for 97 countries between

1990 and 2016 and most countries did not have reported data for the entire 27-year timespan.

Out of the 70 countries included in this analysis, 24 had no available wastewater data. To fill

the data gaps for countries with two or more data points, the data was interpolated and extrap-

olated based on detectable trends of wastewater infrastructure. For countries with no available

data, all 97 original countries were grouped by income class based on the World Bank’s 2016

income classifications (high income, upper-middle income, lower-middle income, low

income). The average annual percentage of population connected to wastewater treatment for

each income class was then applied as a proxy for the 24 countries with no available data, a

method adopted from Sato et al. (2013) to determine individual country’s use of wastewater

[63]. The last estimated or reported value was then extrapolated backwards to extend the tem-

poral coverage to 1950–2016 (S4 Data in S2 File).

Type of wastewater treatment and fiber retention rate

As documented in the literature, there is a lack of data on the type of treatment treated waste-

water receives [63–65]. Because of this, the following assumptions regarding the type of waste-

water treatment (i.e. primary, secondary, and tertiary), used by each country were made: 100%

secondary for high income countries, 50% secondary and 50% primary for upper-middle

income, 25% secondary and 75% primary for lower-middle income, and 100% primary for

low income countries. Each country’s population size was then used to produce regional

weighted averages. Tertiary treatment was not included in this analysis due to insufficient data

regarding its use globally. Microfiber retention rates during primary, secondary, and tertiary

treatment were compiled from existing literature (S4 Table in S1 File) [29–37].

Fate of sludge

Eurostat, Organization for Economic Cooperation and Development (OECD), and country-

specific data sets as well as peer-reviewed publications were combined to determine the fate

of sludge, i.e. incineration, dumped at sea, landfilled, or applied on terrestrial environments.

This was done for years 1970, 1975, 1980, 1985, and 1989–2016 [66–72]. Due to sparse data,

these sources reported on 61 countries with no country reporting data for the entire 33-year

timeframe described above. As such, the same extrapolation and interpolation methods

described in the wastewater treatment segment were applied here. In some instances, the origi-

nal data reported did not sum to 100%. In these cases, sludge application values were propor-

tionally adjusted so that the sum of all potential sludge applications equaled 100% (S5 Data in

S2 File).
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Results

Synthetic fiber production and in-use stock

Our results show that the global in-use stock of synthetic fiber in apparel increased from 0.10

Mt in 1950 to 196 Mt in 2016 (S1 Data in S2 File). A total of 1,178 Mt of synthetic fibers were

produced between 1950 and 2016, of which around 738 Mt were used in apparel production (S1

Data in S2 File). We estimate that in 2016, 43 Mt of synthetic fiber entered the in-use phase of

apparel while 34 Mt were discarded, resulting in a net addition of 9 Mt of synthetic fiber to the

in-use apparel stock in that year. The 2016 in-use stock of synthetic fiber in apparel for China

alone is estimated to be 76 Mt, which accounts for about 40% of the global 2016 synthetic fiber

stock (Table 1). If South and South East Asia are combined, Asia as a whole, including China,

accounts for 62% of global synthetic fiber stock as apparel in 2016 (Table 1). The amount of in-

use stock per capita, however, is the highest in North America where 62 kg of synthetic fiber per

capita was held as apparel in 2016 (S5 Table in S1 File). The global average per capita stock

increased from 8 kg per capita in 1990 to 26 kg per capita in 2016 with a compound annual

growth rate (CAGR) of 5%. China’s per capita in-use stock grew almost twice as fast starting at

5 kg per capita in 1990 and arriving at 51 kg per capita in 2016 with a CAGR of 9%.

Synthetic microfiber shedding from apparel washing

As the global stock of synthetic fiber has grown over the years, the global amount of synthetic

microfiber shedding too has increased from around 122 tonnes in 1950 to an estimated 360

kilo tonnes (kt) in 2016, with a CAGR of 12.9%. Synthetic microfiber shedding grew faster

than apparel consumption and the synthetic fiber in-use stock, due to the combined effect of

consumption growth and higher access to washing machines. Adding year-over-year esti-

mates, a cumulative 5.6 Mt of synthetic microfibers have been shed and emitted from com-

bined hand and machine washing globally between 1950 and 2016. Roughly half of these

emissions occurred during the last decade (Fig 1). Approximately 2.9 Mt of the synthetic

microfiber emissions entered waterbodies, which is equivalent to over 7 billion fleece jackets

by mass. In addition, an estimated 1.9 Mt of synthetic microfibers were applied to terrestrial

environments, 0.6 Mt landfilled, and 0.3 Mt incinerated (Fig 1). 88% of all microfiber emis-

sions to waterbodies were from untreated wastewater, 8% from treated wastewater, and 4%

from biosolids discarded into waterbodies. 92% of synthetic microfiber emissions to terrestrial

environments came from biosolids, while the other 8% were delivered by untreated wastewater

Table 1. 2016 Regional apparel in use stock in million metric tonnes (Mt), percentage of clothing machine washed, wastewater treatment rate, microfibers shed,

and fates of microfibers, both in thousands of tonnes (kt). The four fates of microfibers are: waterbodies, terrestrial environments, landfill, and incineration. ROW

stands for rest of world.

Region Stock in use

(Mt)

% machine

washed

Wastewater treatment

rate

Microfiber shed

(kt)

Fate of microfibers (kt)

Water-

bodies

Terrestrial

environments

Landfill Incineration

China 76 100% 50% 157 77 70 9 0

South/SE

Asia

44 33% 21% 61 43 16 2 0

North

America

25 89% 79% 49 11 22 10 6

West Europe 17 98% 90% 35 6 17 2 9

ROW 20 29% 44% 31 16 9 4 1

East Europe 13 96% 50% 27 12 7 7 1

Total 196 - - 360 167 142 35 17

https://doi.org/10.1371/journal.pone.0237839.t001
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used for irrigation. Both landfill and incineration serve as disposal methods for synthetic

microfibers retained in biosolids. The fiber type composition of the global cumulative syn-

thetic microfiber emissions is 4.0 Mt polyester, 0.7 Mt polyamide, 0.5 Mt polypropylene and

0.4 Mt acrylic (Fig 1).

Regional emissions

In 2016, China generated 157 kt of synthetic microfiber emissions, and the rest of Asia 61 kt,

the largest and second largest quantities of all the regions shown in Table 1. This is primarily

due to the large population in Asia and the significant increase in both clothing consumption

and washing machine ownership over the past decade (see Table 1). About half of the 157 kt of

2016 synthetic microfiber emissions from apparel washing in China entered waterbodies

directly without wastewater treatment (Fig 2). It is estimated that about 47%, or 69 kt, of global

microfiber emissions to waterbodies through untreated wastewater came from China and

28%, or 42 kt, from other Asian regions. North America and Western Europe had the third

and fourth highest rates of synthetic microfiber release from apparel washing in 2016: 49 kt

and 35 kt, respectively. However, most microfiber emissions in these regions entered WWTPs

(Fig 2), which reduced their global contribution of microfiber emissions to waterbodies

through untreated wastewater to 6% and 2%, respectively. Instead, 45% and 50% of synthetic

microfibers generated in North America and West Europe, respectively, were emitted into ter-

restrial environments due to widespread access to WWTPs (Table 1).

Discussion & conclusion

Our results indicate that microfiber emissions to the environment are undergoing both quanti-

tative and qualitative changes. In terms of the quantity of emissions, both the global in-use

Fig 1. Cumulative microfiber emissions from 1950 to 2016. The right columns describe compartmental, compositional, and regional characteristics of the

cumulative mass of microfiber emitted by 2016.

https://doi.org/10.1371/journal.pone.0237839.g001
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apparel stock and washing machine ownership are increasing, resulting in the release of grow-

ing quantities of synthetic microfibers into natural environments. In terms of quality, terrestrial

environments are emerging as an increasingly important initial compartment of microfiber

emissions, which is due to improved access to WWTPs and the application of biosolids to ter-

restrial environments (Fig 1). Increases in WWTP coverage in coming decades will therefore

not necessarily result in an overall decrease of synthetic microfiber emissions to the environ-

ment, but rather divert synthetic microfibers from waterbodies to terrestrial environments and

landfills, unless microfibers are removed from sewage sludge prior to land application. Sludge

treatment technologies are seen as a potential interventions to remove microplastic particles

from sludge before land application [73]. More research is required to determine the efficacy of

such microplastic removal technologies. Recent literature suggests that synthetic microfibers

can affect physical soil properties and microbial activity which may pose consequences for soil

function and plant performance [24,74,75]. Synthetic microfiber contamination in terrestrial

environments is an emerging topic and further research is required to understand the implica-

tions. Furthermore, the microfibers initially emitted to terrestrial environments have the poten-

tial to eventually enter other compartments, including waterbodies and biota, through runoff,

resuspension, or convection over a long period of time [76,77]. Little is known as to the trans-

port and fate of microfibers emitted to the environment [76–79].

Due to the nature of the method and data used, multiple assumptions and simplifications

were made, which generates considerable uncertainty. Sensitivity analysis was conducted for

each parameter included in this study (see S1 File for details). Microfiber emission results are

found to be sensitive to five key parameters: washing machine ownership (moderately

Fig 2. The emission pathways of synthetic microfibers generated from apparel washing in 2016. The leftmost

column represents regional microfiber release. The middle columns represent the flow of synthetic microfibers

through available infrastructure. The rightmost column represents the initial receiving environmental compartments.

https://doi.org/10.1371/journal.pone.0237839.g002
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sensitive), washing frequency, percentage of clothing in-use, microfibers shed rate, and micro-

fiber retention rate in WWTPs (all highly sensitive). Alternative scenarios are tested for these

five parameters (see S1 File). These alternative scenarios result in total cumulative microfiber

emissions ranging from 4.3 Mt to 7.0 Mt.

Due to the limitations of this study, our results do not represent the total emissions pro-

duced from apparel throughout its lifetime. We do not take into consideration apparel that is

reused, donated, or recycled. Since there are large markets for secondhand clothing, especially

in lower income countries, taking this factor into account would likely increase the stock of in-

use apparel and therefore increase emissions. Instead, our current model considers all clothing

to be taken out of circulation once reaching its end of life. In addition, fiber and apparel pro-

duction processes are likely to produce a substantial quantity of microfiber emissions, how-

ever, these processes are not accounted for in this study. We also did not account for

wastewater overflows during storm events or instances in which WWTPs are over capacity. In

these instances, it is likely that a larger quantity of synthetic microfibers enter waterbodies and

a smaller quantity enter terrestrial environments via biosolid applications.

This study presents the first global estimate of synthetic microfibers emitted to the environ-

ment from apparel washing between 1950 and 2016. The broad scope helps to understand the

magnitude and temporal trends of microfiber emissions, and to identify meaningful mitigation

measures. Large-scale removal of microfibers from the environment is unlikely to be techni-

cally feasible or economically viable, so the focus needs to be on emission prevention. Given

that increasing global access to WWTP does not necessarily reduce the microfiber emissions

to the total environment, preventing or reducing microfiber emissions before they enter the

sewer system should be a priority. This means either reducing the microfiber shed rates from

apparel washing or capturing the shed microfibers during the washing process. The former

might be achievable through redesign of the washing process, the fiber-containing textiles, or

the fibers themselves. The latter would require some type of pollution control technology at

the washing stage, such as lint filters or microfiber trapping bags or other devices. In fact, in

some countries all washing machines are already equipped with lint filters. Trapped microfi-

bers still require final disposal, such as landfill or incineration. While more research on the

interactions between microfibers and the environment is urgently needed, especially in terres-

trial ecosystems, this should not stop us from enacting mitigation measures now.

Supporting information

S1 File.

(DOCX)

S2 File.

(XLSX)

Acknowledgments

J.G. led the research design, data collection, model development, calculations, interpretation of

results, data visualization, and writing of the manuscript; T.K. contributed to the conceptuali-

zation, research design, data collection, model development, interpretation of results, and

reviewing and editing of the manuscript; I.M.S. contributed to the research design, data collec-

tion, model development, calculations, and interpretation of results; S.S. contributed to the

conceptualization, research design, supervision, interpretation of results, and reviewing and

editing of the manuscript; R.G. contributed to the conceptualization, funding acquisition,

PLOS ONE Synthetic microfiber emissions to land rival those to waterbodies and are growing

PLOS ONE | https://doi.org/10.1371/journal.pone.0237839 September 16, 2020 9 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237839.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237839.s002
https://doi.org/10.1371/journal.pone.0237839


research design, data collection, supervision, interpretation of results, and reviewing and edit-

ing of the manuscript.

Author Contributions

Conceptualization: Jenna Gavigan, Timnit Kefela, Sangwon Suh, Roland Geyer.

Data curation: Jenna Gavigan, Timnit Kefela, Ilan Macadam-Somer, Roland Geyer.

Formal analysis: Jenna Gavigan, Timnit Kefela, Ilan Macadam-Somer, Sangwon Suh, Roland

Geyer.

Funding acquisition: Timnit Kefela, Roland Geyer.

Investigation: Jenna Gavigan, Timnit Kefela, Ilan Macadam-Somer, Sangwon Suh, Roland

Geyer.

Methodology: Jenna Gavigan, Ilan Macadam-Somer, Sangwon Suh, Roland Geyer.

Project administration: Sangwon Suh, Roland Geyer.

Supervision: Sangwon Suh, Roland Geyer.

Validation: Jenna Gavigan, Sangwon Suh.

Visualization: Jenna Gavigan.

Writing – original draft: Jenna Gavigan.

Writing – review & editing: Jenna Gavigan, Timnit Kefela, Sangwon Suh, Roland Geyer.

References
1. Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever made. Science Advances.

2017 Jul 1; 3(7):e1700782. https://doi.org/10.1126/sciadv.1700782 PMID: 28776036

2. Geyer R. Production, use, and fate of synthetic polymers, in: Plastic Waste and Recycling, Letcher T M

(Ed.), Academic Press, Cambridge, MA, USA. (2019).

3. Hartline NL, Bruce NJ, Karba SN, Ruff EO, Sonar SU, Holden PA. Microfiber Masses Recovered from

Conventional Machine Washing of New or Aged Garments. Environmental Science & Technology.

2016 Nov; 50(21):11532–8.

4. Hernandez E, Nowack B, Mitrano DM. Polyester Textiles as a Source of Microplastics from House-

holds: A Mechanistic Study to Understand Microfiber Release During Washing. Environmental Science

& Technology. 2017 Jun 20; 51(12):7036–46.

5. Napper IE, Thompson RC. Release of synthetic microplastic plastic fibres from domestic washing

machines: Effects of fabric type and washing conditions. Marine Pollution Bulletin. 2016 Nov 15; 112

(1):39–45.

6. Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T, et al. Accumulation of Microplastic

on Shorelines Woldwide: Sources and Sinks. Environmental Science & Technology. 2011 Nov; 45

(21):9175–9.

7. Yang L, Qiao F, Lei K, Li H, Kang Y, Cui S, et al. (2019). Microfiber release from different fabrics during

washing. Environmental Pollution.

8. Pirc U, Vidmar M, Mozer A, Kržan A. Emissions of microplastic fibers from microfiber fleece during

domestic washing. Environ Sci Pollut Res. 2016 Nov 1; 23(21):22206–11.

9. Moore CJ. Synthetic polymers in the marine environment: A rapidly increasing, long-term threat. Envi-

ronmental Research. 2008 Oct 1; 108(2):131–9. https://doi.org/10.1016/j.envres.2008.07.025 PMID:

18949831

10. Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine environ-

ment: A review. Marine Pollution Bulletin. 2011 Dec 1; 62(12):2588–97. https://doi.org/10.1016/j.

marpolbul.2011.09.025 PMID: 22001295

11. Andrady AL. Microplastics in the marine environment. Marine Pollution Bulletin. 2011 Aug 1; 62

(8):1596–605. https://doi.org/10.1016/j.marpolbul.2011.05.030 PMID: 21742351

PLOS ONE Synthetic microfiber emissions to land rival those to waterbodies and are growing

PLOS ONE | https://doi.org/10.1371/journal.pone.0237839 September 16, 2020 10 / 13

https://doi.org/10.1126/sciadv.1700782
http://www.ncbi.nlm.nih.gov/pubmed/28776036
https://doi.org/10.1016/j.envres.2008.07.025
http://www.ncbi.nlm.nih.gov/pubmed/18949831
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.marpolbul.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22001295
https://doi.org/10.1016/j.marpolbul.2011.05.030
http://www.ncbi.nlm.nih.gov/pubmed/21742351
https://doi.org/10.1371/journal.pone.0237839
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