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household laundry

Ana Galvão1
& Margarida Aleixo1

& Hilda De Pablo2
& Clara Lopes3 & Joana Raimundo3

Received: 16 January 2020 /Accepted: 3 April 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Microplastics are widely recognized as a category of emergent pollutants that can cause complex ecotoxicological effects.
Synthetic fibers released during the washing of textiles are a relevant source of microplastics, which reach aquatic ecosystems
from sewer discharges, even when there is retention in wastewater treatment plants. In this paper, we determined microfiber
emissions fromwashing of textiles in a domestic environment, by collecting wastewater fromwashings of a mix of clothing from
a household of 4 people. It is the first time the characterization of microplastic emission from textiles washing is performed in real
household conditions. Results estimated an average emission rate of 18,000,000 synthetic microfibers for a reference load of 6 kg
of synthetic fibers. Only 7% of the synthetic fibers found were larger than 500 μm in length, 40%were between 100 and 500 μm,
and 53% were between 50 and 100 μm.
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Introduction

In the second half of the twentieth century, plastics production
grew exponentially, existing today a wide variety of plastics,
with multiple features that make it attractive to a multitude of
sectors. However, these same characteristics also make plastic
an environmental concern, given the great durability of the ma-
terial in question (Cole et al. 2011). The study of environmental
issues has focused on larger plastics, but the concern about the
effects of smaller particles, usually described asmicroplastics (>
5 mm), has gained increased attention in recent years.

Microplastics are now considered a ubiquitous presence
in aquatic environments (Wagner et al. 2014; Li et al.
2018a; Prata 2018) since their presence has been detected
in both fresh- and salt-water environments all over the
globe (Alison et al. 2015; Dris et al. 2018; Wagner and
Lambert 2018).

To assess the effects of microplastics in aquatic environ-
ments, their size and count are two key variables. One of the
entryways in the food chain is through ingestion by marine
organisms and it has already been reported in lower levels of
the food chain such as zooplankton, invertebrates, and echi-
noderm larvae (Cole et al. 2011). The adsorption of chemical
pollutants to microplastics also represents a growing environ-
mental concern due to the carrying capacity to aquatic biota
(Bakir et al. 2014; Li et al. 2018b) where toxicological effects
have been observed (Avio et al. 2015).

Wastewater treatment plants (WWTPs) are one of the trans-
port routes of small polymers into the marine environment
(Carr et al. 2016). In domestic wastewater, polyethylene, poly-
propylene, and polystyrene particles of primary origin prevail
over other types of plastic and come from personal care prod-
ucts, cosmetics, and cleaning agents. Fibers as a result of the
degradation of synthetic textile fabrics, such as polyester,
acrylic, and polyamide during mechanical washing appear to
be an important source of microplastics in wastewater
(Browne et al. 2011; Sundt et al. 2014).
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Most fibers are removed during the primary treatment, in
the primary settling and mechanical treatment. However, the
smaller the fibers are, the less efficient the treatment is.
Although the removal efficiencies in WWTPs are high (65
to 99.9%), given the large volumes of treated wastewater,
the net amount of synthetic fibers being discharged in the
marine environment is significant (Murphy et al. 2016).
Even if the removal were complete, there would be a risk of
microfibers (MF) reaching the environment via biological
sludge fromWWTPs (Hartline et al. 2016). Natural fibers tend
to be more efficiently removed than synthetic ones
(Magnusson and Norén 2014).

Although the existence of synthetic microfibers is known,
the quantity and physical characteristics of those that are emit-
ted by domestic textile washing are not yet fully understood.
Several studies have analyzed different variables regarding
their influence on microfiber release during washings, includ-
ing temperature, detergents, and type of washing machine
(Napper and Thompson 2016; Pirc et al. 2016; De Falco et al.
2017; Belzagui et al. 2019; Yang et al. 2019; Zambrano et al.
2019), but comparison between studies is not always possible
given the different methods and units used to present results.
Two main methods have been used to characterize MF emis-
sions: direct methods, where a sample of the washing water is
filtered, MF are counted using microscopy, and results are
expressed as the number of MF released per unit volume of
washing water or per weight load of the washing machine; and
indirect methods where MF are retained in a filter and their
mass is calculated, to determine a release rate per garment or
per unit area of fabric. Some studies with indirect methods use
meanMF length to determine the corresponding number ofMF
released. The method to determine the mean length usually
consists of a visual observation by microscopy which is only
performed in a short number of samples. Napper and
Thompson (2016) adopted this method using scanning electron
microscopy and reported a mean value of 4.99 mm for a
polyester-cotton blend and 7.79 mm for polyester fibers while
Pirc et al. (2016) also used scanning electron microscopy to
observe recovered polyester microfibers from a filter with a
200-mm mesh and the mean size obtained was 5.3 mm.
Studies using direct methods report values an order of magni-
tude lower: De Falco et al. (2017) obtained mean lengths be-
tween 0.339 and 0.478 mm for different materials. These
values are close to the rage from 0.2 to 0.4 mm obtained by
Belzagui et al. (2019) and from 0.1 to 0.8 mm obtained by
Hernandez et al. (2017). Moreover, Hernandez et al. (2017)
also concluded that the overall microplastic fiber length profile
remained similar regardless of the washing conditions (with or
without detergent or surfactant).

Regarding MF count, synthetic MF release rates obtained
in controlled studies range from 140,000 MF/6 kg of washed
clothes (Napper and Thompson 2016) up to 17,700,000 MF/
5 kg of washed clothes (De Falco et al. 2017).

However, the large majority of the studies used new
clothes, testing few pieces, and performed a limited number
of washes. Given the different types of clothes and fabrics
commonly used in a full load wash, the characterization of
everyday washing conditions remains unstudied. It is there-
fore of extreme relevance to characterize real washing condi-
tions in order to fully understand the extent and characteristics
of MF household emissions.

This study provides an insight of the emission of
microfibers resulting from regular household washings of
common citizens, by analyzing wastewater from a washing
machine from a family of 4 people during 2 months. The
machine used has a front load and both liquid detergent and
softener were used. Washes were performed at full capacity of
the washing machine (in terms of volume) and with pieces
with different materials in the same wash.

Materials and methods

Pieces used in the washes

Clothing and housing linens from a household of 4 people
were used in the study in a total of 205 pieces. Clothes includ-
ed shirts, trousers, shorts, sweaters, socks, cloths, underwear,
and dresses. Housing linen included a duvet, sheets, pillow-
cases, rugs, and towels. Pieces had various materials in their
composition, including cotton (the only natural fiber) and five
types of synthetic fibers: polyester, polyamide, viscose,
elastane, and acrylic. Eighty pieces (39%) were of a single
type of material (cotton, polyester, or viscose) and the remain-
ing were produced with two or more types of materials. All
pieces washed were part of the everyday use of the residents
and as such all were used items.

Washing set up

Clothing pieces and house linen were separated according to
their color, into two groups, “light” and “dark,” to perform
each washing from only one of the groups. Each piece was
weighted, and color and composition of the fabric were
recorded.

A total of 10 washings were carried out from May 1 to
June 1, 2018. Two hundred five pieces were washed with
the number of pieces per wash varying between 1 and 44. A
f ron t a l l o ad ing mach ine f rom BOSCH, mode l
WAQ2448XEE/10, was used. The machine was in operation
for 5 years and performed an average of 5 washes per week.
Washes were performed using the program “Cotton” and spin-
ning speed of 1000 rpm. Temperature varied between 20 and
60 °C, chosen according to the type of clothes. Washing time
is automatically calculated by the washing machine, depend-
ing on the weight of the load. The water used was supplied by
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the public water supply network (SIMAR Loures/Odivelas).
Common household liquid detergent brand (Persil) and soft-
ener (Quanto) were used in all washes, with doses of 120 mL
or 150 mL per wash and 35 mL or 55 mL, respectively.
Temperature selection, detergent, and softener dosing were
selected by the household owner according to regular habits
in order to monitor everyday household washings.

The wastewater discharge pipe of the machine was discon-
nected from the household drainage system and connected to a
large polyethylene (PE) container to collect all the wastewater
discharged in each wash. According to the manufacturer, all
programs used 68 L of water per washing.

Filtration of the samples

An initial filtration of the raw washing water revealed a dense-
ly overlapping of fibers in the filter which prevented a proper
counting. To overcome this situation, a dilution prior to filtra-
tion was adopted, similar to other studies such as Belzagui
et al. (2019). A 20-mL sample of each wash was collected
and diluted to 1:10 to produce a final volume of 200 mL.
Each diluted sample was divided by 8 filters, each filtering
25mL. After being placed into the filtration system, each filter
was divided into quadrants with a needle to assist in the
counting method. Filtration was performed with an inox fil-
tration system connected to a vacuum pump, using nitrocellu-
lose membrane filters with a 12-μm mesh (Whatman,
WHA10400012).

Counting method/fiber characterization

Due to the large number of fibers released, fibers were
counted in only one quadrant per filter. The first quadrant
in the first filter of each washing was chosen randomly,
then analysis was done for the next quadrant in the next
filter, clockwise. Each selected quadrant was photographed
using a stereomicroscope (Leica S9i) with a magnification
of × 40. The entire quadrant area was scanned along con-
secutive “rows” so that contiguous photographs would
slightly overlap. Each photo was analyzed individually,
and fibers were visually identified and classified between
natural and synthetic based on the guidelines outlined in
previous studies (Canadian Conservation Institute 2010;
Khan et al. 2017). Each fiber was classified in terms of
length, by grouping into three classes: 50 to 100 μm, 100
to 500 μm, and > 500 μm. The counting of each quadrant
was multiplied by 4 to obtain an estimate of the total fibers
in each filter. The counting of each wash was obtained by
the sum of the estimates of the corresponding 8 filters.

Statistical analysis was performed using SPSS 25.0, con-
sidering a significance level of α = 0.005.

Contamination control

Contamination was carefully controlled during sampling, fil-
tering, and counting of the filters. Washing of the washing
machine with clean water was not performed between wash-
ing cycles in order to simulate real household conditions.

For the sample collection procedure, the washing water
collected in the large PE container was mixed using a wood
rod and 5 to 7 L were transferred to a polyethylene terephthal-
ate (PET) bottle to be transported to the laboratory. Both con-
tainers were thoroughly washed with water from the water
supply network before each collection to avoid cross-
contamination.

A white cotton laboratory coat was used during filtering
and counting. Filtration of all samples was performed in a
laminar flow chamber to avoid atmospheric contamination,
using glass and metallic materials. All materials were thor-
oughly washed with Mili-Q water before using and between
different sample processing. Control filtrations were conduct-
ed with Milli-Q water, using the same volume as for sample
processing (25 mL). Immediately after filtration, each filter
was individually stored in Petri dishes and stored until
counting.

When observing filters in a stereoscope, contamination was
controlled by placing two filters in Petri dishes on each side of
the stereoscope. These remained uncovered as long as the
observation of the stereoscope occurred. Counting of the fi-
bers of the controls (both from control filtration and during
counting) revealed a total of 235 contaminant fibers,
representing 1.6% of the total fibers counted, which can be
considered a low error level.

Results and discussion

Characterization of the washings

Table 1 presents the characterization of the pieces used in each
washing cycle. The number of pieces per wash had a large
variation due to the size of the pieces and density of the tex-
tiles (a full characterization of all pieces in each washing is
provided in Table S1). This is to be expected in household
washings due to the different types of clothing used in every-
day life, e.g., washing #1 had only one piece corresponding to
a single duvet while washing #5 had 44 pieces due to a large
number of underwear (23 pieces). The average percentage of
synthetics was 37%, with an average weight of 1160 g. It is
also worth noting that the average total weight of the washings
was 3847 g, significantly lower than the maximum load of the
machine (8 kg). This is in accordance with previous studies
developed in European countries, where it was reported that
washing cycles in Germany were performed on average at
68% capacity for the “Cotton” program, which was also the
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program used in 68% of the cycles (Kruschwitz et al. 2014).
The detergent used varied between 120 and 150 mL and the
softener varied between 35 and 55 mL. The temperature var-
ied between 20 °C (one washing) and 60 °C (2 washings),
with most of the washings performed at 30 or 40 °C. The
effects of temperature, detergent, and softener are not consen-
sual in previous studies (Napper and Thompson 2016;
Hernandez et al. 2017; Zambrano et al. 2019).

Figure 1 shows the weight distribution between different
fabric types in each washing cycle. It can be observed that all
washings except for #1 and #3 have more than 40% cotton.
The largest synthetic component is polyester, with an average
percentage across cycles of 24%, followed by polyamide and
viscose (5% each) and elastane (2%).

Microfibers type and length distribution

Fibers release varied strongly between washes, especially for
cotton where standard deviations exceed average (Table 2).
The length distribution of MF showed that on average 79%
of the fibers were in the range 50–100 μm, 17% was in the

range 100–500 μm, and only 4% were larger than 500 μm.
While cotton released most fibers in the 50–100-μm range
(85%), 40% of the synthetic fibers released were in the range
100–500 μm and 53% in the range 50–100 μm, with only 7%
of synthetic fibers being longer than 500 μm.

The average concentration of total microfibers in the wash-
ing water was 297,400 MF/L, with 83% from cotton fibers.
Synthetic fibers had an average concentration of 56,911 MF/
L, representing only 19% of the total fibers identified
(Table 2). Since synthetic clothing represented 37% on aver-
age of the total washed load (Table 1), the relation between
washed synthetics and cotton is different from the relation
between synthetic MF and cotton fibers being released. This
results from the different shedding characteristics of different
materials and the fabric construction, as previously reported in
other studies (Sillanpää and Sainio 2017; Almroth et al. 2018;
Belzagui et al. 2019; Yang et al. 2019).

The wide range of total MF emissions in each washing can
be observed in Fig. 2. Cotton shows the largest variation,
especially for MF in the 50–100-μm range, with washes 9
and 10 reaching 700,000MF/L (not plotted). The large release

Table 1 Characterization of
washings Wash No. of pieces Total weight (g) % synthetics Synthetics weight (g)

1 1 1830 100 1830

2 15 3880 56 2156

3 18 3052 90 2752

4 39 4824 18 878

5 44 4120 21 878

6 13 4676 3 128

7 36 3791 52 1954

8 29 3786 23 861

9 4 2936 0 0

10 6 5572 3 161

Average 21 3847 37 1160

Stdev 16 1066 36 958
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of cotton in these two washes was probably due to the large
number of jeans which were not washed in any other cycle.
Synthetic fibers had the largest variation in emissions also in
the lower size range but with a much short interquartile range
(IQR). On the other hand, synthetic fibers had a larger varia-
tion than cotton in the 100–500-μm range.

Synthetic microfiber characterization

Length

Table 3 includes the main characteristics of studies on synthet-
ic MF release and compares with present work. Mean fiber
length in the present study was calculated by a weighted av-
erage of the number of fibers from the size classes 50–100 μm
and 100 to 500 μm, considering the average length in each
class. Fibers longer than 500 μm were not considered given
the absence of information regarding the maximum size but
given its lower percentage of the total synthetic fiber count (<
7%), its influence was considered not representative.

The mean fiber length obtained in the present study for
synthetic MF was 170 μm. This value is 30 to 40 times lower
than the values reported by Pirc et al. (2016) and Napper and
Thompson (2016), respectively, which used indirect methods
to estimate the total number of MF release.

The length obtained in the present study is also 2 to 5 times
lower than the values reported by De Falco et al. (2017) and

Belzagui et al. (2019), where direct (visual) counting methods
were used. This seems to indicate that length characterization
during direct counting methods provides a more accurate es-
timate of synthetic MF length.

It is also worth noting that the previous studies were per-
formed with new clothes, despite including 5 to 10 initial
washings to stabilize MF release. Since less than 7% of the
fibers identified in the present study were longer than 500 μm
and over 50% were shorter than 100 μm, the present work
results can also indicate that fabrics with real aging and use
can produce synthetic fibers smaller than new clothes. This
result tends also to refute the claim of Pirc et al. (2016) that the
installation of a filter with a 0.2 × 0.2-mm opening size could
prevent most of the emissions.

Release rates

The total count of synthetic fibers in the washing water was
plotted against the total weight of synthetic fibers in each wash-
ing cycle, as presented in Fig. 3. As could be expected, results
suggest a strong correlation (R2 = 0.69, p = 0.006) between syn-
thetic MF release and the total weight of the synthetic fibers
being washed, especially for washing weights up to 2000 g.

Considering the total number of synthetic MF identified in
each individual wash, the release rate varied between 1842
and 6259MF/g, with an average of 3170MF/g and a standard
deviation of 1500 MF/g synthetic fibers.
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Fig. 2 Number of microfibers
released per liter of washing water
(MF/L). Results are presented in
box plots showing median and
25th and 75th percentiles. Upper
and lower vertical lines represent
1.5 times the interquartile range
(IQR)

Table 2 Average values of MF concentration (number MF/L washing water) (standard deviation between brackets) and % distribution according to
length range and fiber type

Material 50–100 μm 100–500 μm > 500 μm Total

No. % No. % No. % No. %

Cotton 207,940 (283,453) 84.5 30,520 (60,386) 12.4 7720 (20,769) 3.1 246,180 (347,794) 83

Synthetic 30,111 (31,120) 52.9 22,911 (16,351) 40.3 3889 (1825) 6.8 56,911 (47,172) 19

Total 235,040 (273,706) 79.0 51,140 (54,626) 17.2 11,220 (19541) 3.8 297,400 (329,042) 100
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Given the different units used in other MF detachment
studies, a wider comparison with other literature studies was
only possible considering a wash load of 6 kg of synthetic
fibers. Several studies have reported a range of synthetic MF
released for a wash load of 6 kg extrapolated from single piece
washings (Table 3). In the present study, the regression equa-
tion for MF release as a function of the weight of synthetic
fibers washed (Fig. 3) was used to estimate synthetic MF
release for a wash load of 6 kg, resulting in 18,000,000 MF/
6 kg of synthetic fibers. This value is significantly higher than
one of the first estimates of 140,000 MF/6 kg obtained by
Napper and Thompson (2016). The results of the present
study are only comparable with the ones obtained by De
Falco et al. (2017), where the highest estimated release rate
for a 6-kg load of synthetic fibers reached 21,000,000 MF.

The comparison of release rates with other studies needs to
be performed carefully given the different methods used.
Studies that used indirect methods most likely overestimate
mean fiber length, which leads to an underestimation of the
total number of MF released. This is consistent with MF

release rate below 1,000,000MF/6-kg synthetic fibers in stud-
ies using indirect methods (Napper and Thompson 2016; Pirc
et al. 2016), which contrasts with MF release rates higher than
this value in studies where a direct count was used (De Falco
et al. 2017; Sillanpää and Sainio 2017; Belzagui et al. 2019).

Conclusions

To the knowledge of the authors, the approach of analyzing
washings of clothes from everyday household use to assess the
release of MF to the environment is the first of its kind. More
than 90% of the synthetic MF had a length lower than 500 μm,
with 50% being smaller than 100 μm. These results are in con-
trast with most studies where average length ranges from
200 μm to > 5 mm. The estimated number of synthetic MF
released for a reference load of 6 kg of synthetic fibers is of
18,000,000 MF. This value is 3 to 130 times higher than esti-
mates from previous studies, where new clothes or fabrics were
used. Both the length range and the number of synthetic MF

Table 3 Previous studies on synthetic MF release and comparison with present work

Study Type of fabric New
clothes

Previous
washes

Direct
count

Mean fiber length (mm) MF/ 6 kg of synthetic fibers

Napper and Thompson (2016) Polyester-cotton blend,
polyester, acrylic

Yes 5 No 4.99–7.79 140,000–730,000

Pirc et al. (2016) Polyethylene terephthalate
(PET) polyester

Yes 7 No 5.3 135,600

Sillanpaa and Sainio (2017) Polyester, elastane, cotton Yes 5 Yes n.d. 420,000–2,400,000 MF
(7000–400,000 MF/kg)

Hernandez et al. (2017) Polyester, spandex Yes Yes Yes 0.1–0.8 n.d.

De Falco et al. (2018) Polyester, polypropylene Yes n. s. Yes 0.339–0.478 7,200,000–21,240,000
(6,000,000–17,700,000
MF/5 kg)

Belzagui et al. (2019) Polyester, polyester-elastane,
acrylic-polyamide

Yes 5 Yes 0.2–0.4 1,000,000–6,500,000

Present work Cotton, polyester,
polyamide,
viscose, elastane, acrylic

No n. d. Yes 0.17 18,000,000

n.s., not specified; n.d, not determined

y = 2897.9x + 135267
R² = 0.6905
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Fig. 3 Number of synthetic fibers
released in each washing cycle as
a function of the weight of
synthetic fibers
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estimated for a 6-kg reference load provide the first evidence
that real household emissions with worn clothes can have higher
emission rates than most current estimates. This information is
of undeniable value to the definition and design of mitigation
strategies, especially those based on MF capture at the source,
such as filtering systems coupled to washing machines.

A significant correlation between the weight of synthetics
in each washing and the number of synthetic MF released was
observed. However, for loads higher than 2000 g, the correla-
tion was weaker, which should be explored in future studies.
Future studies should also explore MF emissions from house-
hold washings in different times of the year given clothing
changes with seasons. The fate of these emissions should also
be investigated throughout the sewage drainage network and
wastewater treatment plants, down to aquatic systems. These
studies will help to understand potential length changes ofMF
over the urban water cycle, so that the significance of domestic
sources can be established and its impacts analyzed.
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